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La calidad es un tema de actualidad con creciente importancia en la industria alimentaria 
por sus implicaciones en las preferencias de los consumidores. Por esta razón, las 
empresas invierten sus recursos en desarrollar nuevos productos o bien modificar 
ciertas etapas de su proceso de elaboración con el fin de obtener alimentos con una 
calidad diferenciada. La producción de alimentos de alta calidad viene acompañada de 
un mayor valor añadido, haciendo atractivo para sus competidores su falsificación y 
venta fraudulenta, lo cual puede acarrear un impacto económico negativo y daños de 
imagen. 
En las últimas décadas, el desarrollo de técnicas analíticas y quimiométricas ha 
supuesto un gran avance en el estudio de la calidad y trazabilidad de alimentos, con 
impactos positivos sobre la industria alimentaria. Por un lado, el estudio de la 
composición de los alimentos hace posible comprender los complejos mecanismos que 
modulan las características organolépticas de los alimentos, siendo la calidad aromática 
uno de los atributos más apreciados por los consumidores por sus implicaciones en la 
experiencia sensorial.  
El aroma es especialmente apreciado en bebidas como el vino y el brandy. Por esta 
razón, durante años se ha tratado de identificar compuestos aromáticos clave que están 
detrás de las características sensoriales de este tipo de bebidas. Sin embargo, debido 
a su complejidad, esta tarea sigue siendo objeto de estudio y aún no están claros todos 
los mecanismos que producen unas características sensoriales específicas.  
En esta Tesis Doctoral, se desarrollaron herramientas analíticas para la determinación 
del perfil de compuestos volátiles en muestras de vinos espumosos y rosados, y se 
aplicaron para estudiar el efecto de distintas etapas de elaboración sobre la calidad 
aromática final de los vinos obtenidos. Mediante el uso de herramientas quimiométricas 
se logró identificar los compuestos que sufrieron un mayor cambio como consecuencia 
de estas etapas, postulándose como potenciales marcadores.  
Por otro lado, se optimizó y validó un método para la determinación de ésteres en 
brandies y se aplicó para estudiar la modulación de estos compuestos en Brandy de 
Jerez elaborado de Solerajes (sistemas de envejecimiento) con distintos tiempos de 
crianza promedio y tras un proceso de estabilización (por frio y filtración y a temperatura 
ambiente). Los resultados mostraron el fuerte impacto de ambas etapas de elaboración 
y permitieron constatar los principales cambios en esta familia de compuestos.  
Finalmente, se abordó la trazabilidad alimentaria mediante el desarrollo de una 
metodología analítica basada en los isotopos estables de 5 bioelementos (C, N, S, O y 
H), el perfil multi-elemental y técnicas quimiométricas para identificar los mangos y 
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aguacates producidos en la franja costera de Andalucía, cuyo propósito es acogerse a 
una Indicación Geográfica Protegida. Los resultados mostraron la capacidad de ambas 
técnicas analíticas de manera individual y conjuntamente para identificar con altos 























































































Food quality is a current topic with growing importance in the food industry due to its 
implications on consumer preferences. For this reason, companies destinate resources 
to develop new products or modifying certain stages of the production process to obtain 
food stuffs with differentiated quality. The production of high-quality food stuffs is linked 
to a higher added value, making its counterfeiting and fraudulent sale attractive for 
competitors. This may have a negative economic impact and image damage. 
In recent decades, the development of analytical and chemometric techniques has 
meant a great advance in the study of food quality and traceability, with a positive impact 
on the food industry. On the one hand, the study of food composition makes it possible 
to understand the complex mechanisms that modulate the organoleptic characteristics 
of foods, aromatic quality being one of the attributes most appreciated by consumers 
due to its implications in the sensory experience. 
The aroma is especially appreciated in beverage such as wine and brandy. Many studies 
tried to identify key aromatic compounds that are behind the sensory characteristics of 
these beverages. However, due to its high complexity all the mechanisms that produce 
specific sensory characteristics are not clear, this task being still under study. 
In this Doctoral Thesis, several analytical techniques were developed to determine the 
profile of volatile compounds in sparkling and rosé wines, and they were applied to study 
the effect of different stages of production over the final aromatic quality of the wines 
obtained. The use of chemometric tools made it possible to identify the compounds that 
underwent greater changes as a consequence of these production stages, being 
selected as potential markers. 
On the other hand, a method for the determination of esters in brandies was optimized 
and validated, and then applied to study the modulation of these compounds in Brandy 
de Jerez from Solerajes (aging systems) with different average ageing times and after a 
stabilization process (cold stabilization and stabilization at room temperature). The 
results showed the main changes in this family of compounds related to these production 
stages. 
Finally, food traceability was addressed through the development of an analytical 
methodology based on the stable isotopes of 5 bioelements (C, N, S, O and H), the 
multi-elemental profile and chemometric techniques to identify the mangoes and 
avocados produced in the coastal strip of Andalusia, whose purpose is to benefit from a 
Protected Geographical Indication. The results show the high capacity of both analytical 
techniques individually and in combination to identify the mangoes and avocados 
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La producción de alimentos y bebidas es la principal actividad industrial manufacturera 
de la Unión Europea. En el año 2018 alcanzó un valor de cifra de negocio de 1,205,000 
millones de euros (MAPAMA, 2020), lo cual representó el 15.2 % del total del tejido 
industrial manufacturero. Dentro de este sector, España ocupó el quinto puesto con un 
volumen de 125,841.8 millones de euros (9.7 %), por detrás de Francia (17.7 %), 
Alemania (17,5%), Italia (11,46%) y Reino Unido (9,9%).  
En un mercado cada vez más globalizado y especializado, las empresas de este sector 
se han visto obligadas al desarrollo y evolución continua de sus productos para 
mantener una posición competitiva. Esto a su vez ha tenido un impacto importante sobre 
la disponibilidad de productos para los consumidores, que cada vez cuentan con una 
gama más amplia para elegir. De manera que, conceptos como “calidad” y “seguridad” 
han adquirido un enorme protagonismo en el proceso de elección de los compradores 
(Omar, 2013).  
La calidad y seguridad alimentaria son un tema de actualidad de creciente importancia 
tanto en debates públicos, como en política alimentaria, industria y, también en la 
investigación. Ambos términos se utilizan con frecuencia de manera independiente, 
aunque la seguridad alimentaria se puede considerar como uno de los aspectos básicos 
de la calidad.  
De acuerdo a la definición que ofrece la Ley 28/2015, de 30 de julio, para la defensa de 
la calidad alimentaria, ésta se define como el “conjunto de propiedades y características 
de un producto alimenticio o alimento relativas a las materias primas o ingredientes 
utilizados en su elaboración, a su naturaleza, composición, pureza, identificación, 
origen, y trazabilidad, así como a los procesos de elaboración, almacenamiento, 
envasado y comercialización utilizados y a la presentación del producto final, incluyendo 
su contenido efectivo y la información al consumidor final especialmente el etiquetado”.  
Esta descripción engloba aspectos objetivos y medibles. Una de las principales 
propiedades que definen la calidad de los alimentos de acuerdo a esta definición son 
sus características organolépticas, siendo además uno de los mayores atractivos que 
guía la decisión de comprar de los consumidores. Estas propiedades están íntimamente 
relacionadas con su composición química, y son resultado de la presencia de distintos 
compuestos volátiles y no volátiles con diversas estructuras químicas y fisicoquímicas 
(Longo & Sanromán, 2006). Por esta razón, el estudio de la composición química de los 






producen propiedades organolépticas positivas, de manera que puedan ser controladas 
o favorecidas durante el proceso de elaboración. 
La calidad alimentaria también puede tener un aspecto subjetivo que engloba términos 
culturales, sociales y ambientales (Cerri et al., 2019). De manera que un mismo alimento 
puede ser percibido con distinta calidad en función del consumidor. Algunos ejemplos 
son la preferencia de ciertos consumidores hacia marcas concretas, hacia productos 
elaborados en una región geográfica específica, o alimentos obtenidos con un proceso 
de elaboración particular (ecológicos).  
En este sentido, la política de calidad de la Unión Europea tiene entre sus principales 
objetivos salvaguardar las denominaciones de productos singulares, con el fin de 
promover sus características únicas, asociadas a una localización geográfica o un 
método de producción tradicional. Para ello, dispone de sellos de calidad (Figura 1) que 
reconocen y protegen las denominaciones de ciertos productos alimentarios 
relacionados con una zona geográfica y un método de producción, como son la 
Denominación de Origen Protegida (DOP) y la Indicación Geográfica Protegida (IGP). 
Mientras que la Especialidad Tradicional Garantizada (ETG) hace referencia a métodos 
de producción tradicional. 
 
Figura 1. Sellos de calidad de la Unión Europea. De izquierda a derecha: DOP, IGP y 
ETG 
 
El uso de estos sellos asegura a los consumidores la calidad del producto, que verifica 
la elaboración de acuerdo a las especificaciones de su Consejo Regulador. Los sellos 
de calidad son además una potente herramienta de marketing, repercutiendo en un 
mayor valor añadido del producto. Esto hace atractiva su imitación y venta fraudulenta 
por parte de otras empresas competidoras, pudiendo dañar seriamente su reputación. 
Por esta razón, se necesitan mecanismos de control que verifiquen el origen de estos 






En los últimos años, el desarrollo de diferentes técnicas analíticas ha supuesto una 
estrategia con gran potencial para autentificar el origen de los alimentos, siendo algunas 
de las más utilizadas para este propósito la cromatografía, espectrometría de masas, 
espectrometría de masas de relaciones isotópicas, espectroscopia, análisis elemental, 
análisis sensorial y las técnicas moleculares, que son a su vez frecuentemente 
combinadas con técnicas bioinformáticas (Danezis et al., 2016).  
En base a lo expuesto, la investigación de la presente Tesis Doctoral se ha centrado en 
el desarrollo y aplicación de herramientas analíticas para el estudio de la calidad (vinos 









1. Calidad aromática de bebidas 
1.1. El vino 
La producción de alimentos y bebidas fermentadas tales como el vino, la cerveza o el 
pan, ha jugado un papel clave en el desarrollo de la sociedad humana. El vino es uno 
de los productos más diferenciados dentro de la industria alimentaria y ha estado 
especialmente presente en el mundo occidental a lo largo de los años, con gran 
relevancia en el plano económico, cultural y social. De acuerdo con el Reglamento UE 
1308/2013, esta bebida se define como “el producto obtenido exclusivamente por 
fermentación alcohólica, total o parcial, de uva fresca, estrujada o no, o de mosto de 
uva”, debiendo tener un grado alcohólico y una acidez dentro del rango establecido en 
este reglamento, que varía en función de la zona de producción de la uva, adscripción 
a una denominación o indicación de origen protegida, o excepciones que pueda 
establecer la Comisión.  
En la actualidad es una de las bebidas de mayor consumo en el mundo, alcanzando la 
cifra de 246 millones de hectolitros en 2019 de acuerdo a la Organización Internacional 
del Vino (OIV, 2019). En 2020, la producción mundial de vino se estimó en 258 millones 
de hL, siendo los principales países productores Italia (47.2 millones de hL), Francia 
(43.9 millones de hL) y España (37.5 millones de hL), que concentraron alrededor del 
50 % de la producción mundial (OIV, 2020).  
1.1.1. Vinos espumosos 
El vino espumoso es un vino que contiene burbujas de dióxido de carbono de forma 
natural como consecuencia de una segunda fermentación. Hasta finales del siglo XVII, 
los enólogos franceses trataban de eliminar de sus vinos estas burbujas, ya que 
provocaban la explosión de las botellas. Sin embargo, un aumento en la preferencia por 
estos vinos espumosos por parte de los británicos, y en particular de la realeza, llevó a 
mejorar el proceso de captura deliberada de estas burbujas para producir vinos 
espumosos de calidad. Este proceso se generalizó principalmente en la región francesa 
de La Champaña y con el tiempo se extendió a otras áreas como España, Italia, 
Alemania, Portugal, Sudáfrica, Estados Unidos de América, Reino Unido y Australia 
(Jones et al., 2014). 
Existen principalmente dos métodos de elaboración de vinos espumosos: método 
Tradicional (también llamado Champenoise, pero esta denominación queda restringida 
a los vinos producidos en la región de la Champaña) y método Charmat, que varía en 
función de la tecnología de producción utilizada. En el primero, la segunda fermentación 






Tradicional, la segunda fermentación se lleva a cabo en la botella, seguida de un 
proceso de crianza sobre lías que produce cambios en la composición de lípidos, 
carbohidratos, nucleótidos, aminoácidos, péptidos, manoproteínas y compuestos 
volátiles, como consecuencia de procesos de autólisis (Ubeda et al., 2019). La calidad 
final de los vinos espumosos depende de varios parámetros, destacando las 
características de la espuma (tamaño de burbuja, persistencia, espumabilidad o 
agresividad en boca), color, acidez, y el aroma (Ubeda et al., 2019). 
Entre los vinos espumosos más reconocidos y consumidos a nivel mundial se 
encuentran el Champagne y el Cava, ambos acogidos a una denominación de origen 
protegida, por lo que su producción está restringida a una zona geográfica (Figura 2).  
     
Figura 2. Mapa con las localizaciones (marcadas en rojo) en las que está autorizada la 
elaboración de Champagne (izquierda) y Cava (derecha) de acuerdo con lo 
establecido en sus respectivas denominaciones de origen 
 
El consumo de estos vinos ha estado tradicionalmente asociado a fechas especiales, 
tales como celebraciones o períodos festivos. Sin embargo, esta tendencia ha cambiado 
en los últimos años hacia un consumo más regular, repercutiendo en una mayor 
demanda y producción de vinos espumosos. Esto, unido a su alto impacto económico, 
ha captado la atención de nuevos productores de regiones que no son tradicionalmente 
productoras de este tipo de vino, entre las cuales se encuentra Andalucía. 
1.1.2. Vinos rosados 
No existe una definición específica de vino rosado, ya que tanto la Nomenclatura 
Combinada como la normativa europea sobre el sector vitivinícola solo diferencian un 






precisa de vino rosado, existen distintos métodos de elaboración que se pueden dividir 
en cuatro tipos en función de la práctica enológica utilizada (OIV, 2015):  
• Prensado directo con maceraciones muy cortas: consiste en el prensado 
directo de la uva entera o despalillada inmediatamente después de la vendimia 
y un tiempo corto de maceración con los hollejos (menos de 2 horas) hasta 
obtener el tono rosado claro. El mosto es separado de los hollejos para el 
proceso de fermentación (fermentación en virgen), de manera análoga a los 
vinos blancos.  
• Rosado de maceración de hollejos: se elabora normalmente a partir de uvas 
tintas, que se someten a un período de maceración relativamente largo (más de 
2 horas) antes de la fermentación alcohólica, con el fin de liberar los 
componentes del hollejo y la pulpa, permitiendo obtener un tono rosado intenso. 
El mosto también es separado de los hollejos para el proceso de fermentación.  
• Método Saignée: se elabora normalmente a partir de uvas tintas que se 
someten a un período de maceración relativamente largo (más de 2 horas) antes 
de la fermentación alcohólica, con el fin de liberar los componentes de la piel y 
la pulpa hasta el tono rosado deseado. Parte del mosto se separa para la 
elaboración del vino rosado, mientras que el resto continúa la maceración y 
fermentación para producir vino tinto.  
• Mezcla de mostos o vinos blancos y tintos: esta práctica está sujeta a 
diferentes regulaciones según el país. En la actualidad, la Unión Europea no la 
autoriza para la elaboración de vinos sin Indicación Geográfica, excepto para la 
producción de vino espumoso. Sin embargo, se utiliza ampliamente en el resto 
del mundo. 
Mientras el consumo de los vinos blancos y tintos se ha estancado desde comienzos 
del milenio, el de los vinos rosados no ha parado de aumentar en los últimos años hasta 
alcanzar un 10 % del consumo mundial de vinos en 2018, con 25.6 millones de hL. Esto 
ha supuesto un aumento de más del 28 % entre 2002 y 2018, situándose Francia como 
el país con mayor consumo de este tipo de vinos (35 % del consumo mundial), que ha 
triplicado su consumo en los últimos 25 años.  
Las razones detrás de estas cifras están claramente ligadas a un cambio de paradigma 
en el consumo de vino. Uno de los aspectos que han tenido un mayor impacto a este 
respecto es la apariencia visual y la imagen de asociación al placer que se ha 
conseguido a través de herramientas de marketing: “moderno y transgresor, rompe los 






y da la impresión de que contiene menos alcohol que el vino tinto” o “afrutado, seco, 
bajo en alcohol, un vino fácil de entender (y de beber); en definitiva, un vino sofisticado 
y de gran calidad” (Peres et al., 2020). A partir de estas observaciones, los millennials 
que aspiran a un estilo de vida opulento y epicúreo han adoptado este producto, 
identificándolo como un símbolo accesible de lujo que responde a su deseo de beber 
algo diferente de sus padres (Business France, 2018).  
1.1.3. Origen del aroma en el vino 
La calidad del vino es un complejo concepto que envuelve factores extrínsecos como la 
expectación, y factores intrínsecos como la experiencia sensorial, siendo esta última la 
dimensión más importante en la percepción de calidad por parte de los consumidores 
(Charters & Pettigrew, 2007).  
El aroma es una de las principales características organolépticas que tienen un mayor 
impacto sobre la experiencia sensorial. Este atributo está íntimamente ligado a su 
composición química y es el resultado de complejas interacciones entre compuestos 
volátiles y no volátiles presentes en esta bebida (Rodríguez-Bencomo et al., 2011). 
Durante años ha sido objeto de estudio y se ha tratado de identificar y cuantificar 
compuestos clave responsables de descriptores aromáticos específicos (Campo et al., 
2005; Cortés-Diéguez et al., 2015; De-La-Fuente-Blanco et al., 2020; Guth, 1997; 
Kotseridis & Baumes, 2000; Perestrelo et al., 2019; Pons et al., 2011). 
Los compuestos volátiles son los principales responsables del aroma final del vino. 
Hasta la fecha se han identificado más de 800 (Kuhn et al., 2013), aunque solo unos 
cuantos contribuyen a la percepción aromática (Polášková et al., 2008). En función de 
su origen, estos compuestos se pueden clasificar en distintas categorías: 
1.1.3.1. Aromas primarios 
Provienen de la uva y se forman a través del metabolismo secundario de la vid 
(Ferrandino & Lovisolo, 2014) jugando un papel clave en la tipicidad del vino (Kuhn et 
al., 2013; Santos et al., 2004; Visan et al., 2018). Por esta razón, se definen como 
aromas varietales y pertenecen a un número limitado de familias químicas, incluyendo 
monoterpenos, sesquiterpenos, C13-norisoprenoides, sulfuros volátiles y 
metoxipirazinas (Ebeler & Thorngate, 2009). En las uvas, estos compuestos se 
encuentran normalmente en forma ligada a otras moléculas (no volátiles), aunque 
también pueden hallarse en forma libre (Styger et al., 2011). Los primeros pueden ser 
liberados mediante reacciones químicas y enzimáticas durante los procesos de 






pueden agrupar a su vez en: precursores glucosídicos, carotenoides, precursores de 
tioles volátiles y precursores de dimetilsulfurita (Visan et al., 2018).  
Debido a su origen, la concentración de los aromas primarios en los vinos está muy 
ligada a factores como las condiciones climáticas, el suelo del viñedo, las prácticas 
vitivinícolas o la madurez de la uva, fertilización, localización geográfica o plagas  
(Carpena et al., 2021; Visan et al., 2018).  
1.1.3.2. Aromas secundarios  
Se originan durante el tratamiento mecánico de la uva (pre-fermentativos) o durante el 
proceso de fermentación alcohólica por la actividad metabólica de las levaduras y 
bacterias (fermentativos) (Carpena et al., 2021). Sus concentraciones finales en el vino 
dependerán principalmente del tipo de levadura utilizada (Saccharomyces cerevisiae o 
no Saccharomyces), tipo de fermentación (espontánea, secuencial o co-inoculación) y 
el entorno de fermentación (Hirst & Richter, 2016).  
Los aromas secundarios del vino obedecen a la presencia de etanol, ácidos grasos 
volátiles, alcoholes superiores, ésteres, compuestos fenólicos, compuestos carbonílicos 
o aldehídos (Carpena et al., 2021; Gonzalez & Morales, 2017; Villamor & Ross, 2013). 
El metabolismo de estos compuestos se muestra en la Figura 3. Su presencia en los 
vinos está relacionada con características deseables, aunque algunos de ellos pueden 
otorgar características indeseables cuando se encuentran en concentraciones elevadas, 
como son el ácido acético, acetato de etilo, acetaldehído, alcoholes superiores o el 







Figura 3. Representación general del metabolismo de los compuestos aromáticos 
(Carpena et al., 2021)  
 
1.1.3.3. Aromas terciarios 
Se forman durante la última etapa de elaboración del vino: el envejecimiento. En esta 
fase se pierden características derivadas de la uva y la fermentación alcohólica, y se 
reemplazan por la evolución del aroma primario y secundario, por lo que es una etapa 
clave para obtener vinos con calidad diferenciada. El aroma del vino adquiere 
complejidad como resultado de distintos fenómenos, tales como reacciones de 
esterificación/hidrólisis, reacciones redox, clarificación espontánea, eliminación de CO2, 
una lenta y continua difusión del oxígeno a través de los poros de la madera o 
transferencia de taninos y sustancias aromáticas de la madera al vino (Câmara et al., 
2006; Villamor & Ross, 2013). El impacto sobre el perfil aromático final dependerá del 
tipo de madera utilizada para el envejecimiento, su grado de tostado y edad o la 
composición inicial del propio vino (Cerdán et al., 2004). Este último aspecto es de 
especial importancia, ya que no todos los vinos son adecuados para la crianza en 
madera, debiendo ser de alta calidad, balanceados, con altos contenidos en 






1.1.4. Los ésteres en el vino  
Los ésteres son una importante familia de compuestos aromáticos que se forman por la 
unión de ácidos con alcoholes, liberándose una molécula de agua, en un proceso 
llamado esterificación (Figura 4).  
 
Figura 4. Reacción de esterificación 
 
Esta familia de compuestos aromáticos se encuentra en una gran variedad de productos 
alimentarios (Gatfield, 1992). En bebidas fermentadas, su concentración es 
normalmente del orden de trazas, hallándose la mayor parte en niveles inferiores a su 
umbral de percepción y no superando por lo general los 100 mg/L en su conjunto (Sumby 
et al., 2010). No obstante, los ésteres son uno de los mayores componentes del vino, 
constituyendo la segunda familia de compuestos volátiles por detrás de los alcoholes 
superiores (Figura 5).  
 
Figura 5. Composición química general del vino y cantidades medias de sus 
principales componentes. Los valores varían según el tipo de vino. El etanol se 






y es equivalente al 14% (v / v). En el vino tinto, los taninos también estarían presentes 
en concentraciones de hasta 0.4% (p / v). Imagen adaptada de Sumby et al., 2010 
 
En los vinos, los ésteres son principalmente sintetizados enzimáticamente por levaduras 
durante la fermentación alcohólica, aunque una parte también se forma durante el 
envejecimiento del vino (Bertrand, 1983; Sumby et al., 2010; Villamor & Ross, 2013). La 
producción de ésteres está catalizada por esterasas, lipasas y alcohol acetiltransferasas 
(Sumby et al., 2010) y se ha demostrado que algunos parámetros como el pH, 
concentración de alcohol, presencia de amino ácidos, temperatura y la composición del 
vino afectan a la concentración final de estos compuestos en el vino (Guitart et al., 1999; 
Killian & Ough, 1979; Makhotkina & Kilmartin, 2012; Ribéreau-Gayon et al., 2000).  
La contribución de los ésteres en el aroma de los vinos jóvenes, aportando notas frescas 
y afrutadas, se ha reconocido desde hace varias décadas, habiéndoles asignado un 
papel menor en los vinos con más de dos o tres años de crianza (Antalick et al., 2014; 
Ramey & Ough, 1980). Sin embargo, en los últimos años en los que se ha acuñado el 
concepto de interacción sensorial, se ha aceptado que estos compuestos también son 
importantes marcadores de las notas afrutadas en vinos con varios años de crianza 
(Lytra et al., 2013). En este sentido, varios estudios demostraron el impacto de estos 
compuestos sobre el aroma del vino incluso cuando se encuentran en niveles inferiores 
a su umbral de percepción, debido a efectos sinérgicos (Escudero et al., 2007; Lytra et 
al., 2013; Pineau et al., 2009). No obstante, con independencia de estos efectos de 
interacción, algunos ésteres se encuentran frecuentemente en los vinos en niveles 
próximos a su umbral de percepción, por lo que pequeños cambios en su concentración 
pueden conllevar un importante impacto sobre su aroma (Sumby et al., 2010). Por estas 
y otras razones, entender los mecanismos de síntesis y modulación de esta familia de 
compuestos resulta una herramienta con gran potencial para lograr vinos de mayor 
calidad aromática.  
Hasta la fecha se han identificado alrededor de 160 ésteres presentes en los vinos (en 
la Tabla 1 se muestran algunos los principales) (Carpena et al., 2021), aunque la 
mayoría de estudios se han centrado en dos grandes grupos por su fuerte contribución 
al aroma del vino: ésteres etílicos y acetatos de alcoholes superiores (Antalick et al., 
2014; Sumby et al., 2010). Algunos ésteres que se han encontrado en concentraciones 
por encima de su umbral de percepción son el 2-hidroxipropanoato de etilo, 
butanodioato de dietilo, butanoato de etilo, hexanoato de etilo, octanoato de etilo, 






isovalerato de etilo, cinamato de etilo, acetato de isoamilo, 2-acetato de feniletilo, 
acetato de hexilo y 2-hidroxi-4-metilpentanoato (De-La-Fuente-Blanco et al., 2020; 
Sumby et al., 2010).  
Tabla 1. Resumen de los principales ésteres del vino, descripción sensorial y umbrales 
de percepción. Adaptado de Antalick et al., 2010. 
Ester Descriptor sensorial Umbral de percepción (µg/L) 
propanoato de etilo Disolvente, fresa madura 2100 
isobutirato de etilo Fresa, kiwi, afrutado, disolvente 15 
acetato de propilo Disolvente, afrutado  
butirato de metilo Queso, pies sucios, kiwi maduro  
acetato de isobutilo Disolvente, afrutado 1600 
butirato de etilo Kiwi maduro, fresa madura, queso 20 
2-metilbutirato de etilo Afrutado, kiwi 18 
isovalerato de etilo Queso, afrutado 3 
acetato de butilo Disolvente, afrutado 1800 
acetato de isoamilo Banana 30 
valerato de etilo Fresa, piña, queso  
hexanoato de metilo Piña, afrutado, manzana  
hexanoato de etilo Piña, afrutado, manzana 14 
butirato de isoamilo Plátano, manzana, piña, afrutado  
acetato de hexilo Pera 670 
heptanoato de etilo Piña, afrutado 220 
trans-2-hexenoato de etilo Piña, afrutado  
hexanoato de isobutilo Afrutado, cera  
octanoato de metilo Cera, piel de manzana, afrutado  
octanoato de etilo Cera, piel de manzana, afrutado 580 
hexanoato de isoamilo Plátano, piña, afrutado  
acetato de octilo Cera, afrutado 800 
nonanoato de etilo Cera, afrutado  
decanoato de metilo Cera, jabón, afrutado  
decanoato de etilo Cera, jabón, afrutado 200 
octanoato de isoamilo Cera, jabón, pera  
transgeranato de metilo Pera  
fenilacetato de etilo Florido, rosa, vinoso 73 
acetato de feniletilo Florido, mimosa, afrutado, aceituna 250 
dodecanoato de etilo Cera, jabón  
dihidrocinamato de etilo Afrutado, piña, almendra 1.6 
cinamato de etilo Cereza, afrutado, floral 1.1 
2-hidroxiisovalerato de etilo Afrutado, fresa  
3-hidroxibutirato de etilo Afrutado, fresa 1800 
2-hidroxihexanoato de etilo Mora 2400 
3-hidroxihexanoato de etilo Cítrico, piña, uva, afrutado  
4-hidroxibutirato de metilo Afrutado  
4-hidroxibutirato de etilo Afrutado  
6-hidroxihexanoato de etilo Afrutado 1200 
lactato de etilo Afrutado, lechoso 154000 
succinato de dietilo Afrutado 200000 
 
1.1.5. Los terpenos en el vino 
Los terpenos son compuestos aromáticos constituidos por unidades de isopreno, un 







Figura 6. Estructura química del isopreno 
 
Son metabolitos secundarios que ejercen distintas funciones en las plantas, siendo las 
principales la protección frente a herbívoros y las temperaturas elevadas (Black et al., 
2015). Su origen se encuentra en la formación de unidades de isopreno C5 de dimetil 
alil difosfato e isopentenil difosfato (Figura 7).  
 
Figura 7. Esquema de producción de los monoterpenos, sesquiterpenos y 







Estos compuestos se encuentran en la uva en forma libre (volátiles), aunque la mayor 
parte aparecen ligados a azúcares como glucósidos (no volátiles), que pueden ser 
liberados mediante reacciones de hidrólisis durante el proceso de elaboración del vino. 
Se trata de los compuestos varietales más estudiados en la uva (Vitis vinifera), 
habiéndose identificado hasta la fecha alrededor de 40, que se agrupan en 
monoterpenos, sesquiterpenos y C13-norisoprenoides (González-Barreiro et al., 2015). 
Sin embargo, solo algunos de ellos se han identificado como compuestos con alto poder 
aromático en los vinos.  
Los terpenos contribuyen al carácter afrutado (principalmente cítrico) y floral de los 
vinos, aunque algunos también aportan aromas a resina (González-Barreiro et al., 
2015), semillas y raíces (Câmara et al., 2004). Entre los terpenos con mayor poder 
aromático destacan los alcoholes monoterpénicos, como el linalool, α-terpineol, nerol, 
geraniol y citronelol (Gamero et al., 2011; Loscos et al., 2007; Visan et al., 2018).  
Debido a su carácter varietal, los terpenos se pueden emplear para identificar la 
variedad de uva de los vinos. Así, son especialmente abundantes en vinos producidos 
con las variedades Moscatel (Moscatel de Alejandría, Moscatel de Frontignan, Moscatel 
Ottonel y Moscatel Blanc), siendo responsables de su aroma típico (Ruiz et al., 2019). 
La contribución positiva de esta familia de compuestos también ha sido descrita en vinos 
producidos con variedades de uva como Gewürztraminer, Müller-Thurgau, Riesling, 







1.2. El Brandy de Jerez 
El Brandy de Jerez es una bebida espirituosa elaborada por destilación del vino y que 
cuenta con el sello de calidad de una Indicación Geográfica Protegida (Boletín Oficial la 
Junta Andalucía, 2018), quedando su producción restringida al llamado Triángulo de 
Jerez: Jerez de la Frontera, El puerto de Santa María y Sanlúcar de Barrameda. Su 
particular proceso de elaboración, que se basa en las especificaciones establecidas en 
el documento técnico de la IGP, le otorga unas características organolépticas que lo 
distinguen de bebidas similares tales como el Cognac o el Armagnac (Tsakiris et al., 
2014).  
Un ejemplo es su proceso de destilación, que se realiza en alambiques tradicionales de 
cobre llamados alquitaras (Figura 8), aunque también puede llevarse a cabo en 
columnas de fraccionamiento. 
 
Figura 8. Alquitara de cobre tradicional 
 
Una de las características que hacen singular a este producto es su método de 
envejecimiento, denominado “Criaderas y Solera” (Figura 9). Este consiste en un 
sistema de diferentes escalas de envejecimiento que va recorriendo el aguardiente 
(Criaderas) hasta llegar al nivel más bajo (Solera). A lo largo de estas escalas se realiza 
la extracción periódica de una porción del brandy (conocida como “sacas”) en los niveles 
más altos de las Criaderas, para la reposición (conocida como “rocíos”) de los niveles 
más bajos. Así, en la Solera se encuentra la mezcla de brandy de mayor calidad y con 
mayor tiempo de crianza promedio, que será destinado a su embotellado y 
comercialización. Este proceso de envejecimiento se realiza en barricas de roble 






tienen una capacidad de 500 – 600 L, aunque el Consejo Regulador permite que sean 
de hasta 1000 L. Además, estas botas deben haber contenido algún tipo de Vino de 
Jerez en un proceso llamado “envinado”.  
El Brandy de Jerez se comercializa bajo tres categorías en función de su tiempo de 
envejecimiento: Brandy Solera (al menos 6 meses), Brandy Solera Reserva (entre 1 y 3 
años) y Brandy Solera Gran Reserva (al menos 3 años). 
 
 
Figura 9. Ilustración del método de “Criaderas y Solera” utilizado para la producción 
del Brandy de Jerez. Imagen adaptada de Durán-Guerrero et al., 2021. 
 
1.2.1. Aroma del Brandy de Jerez 
Al igual que en el vino, el aroma del brandy es uno de los aspectos más importantes 
relacionado con su calidad y depende de su composición química. El origen de su aroma 
se encuentra tanto en el vino (descrito en el apartado 1.1) como el proceso de destilación 
y crianza. Así, se suelen clasificar en aromas primarios (procedentes de la uva), 
secundarios (formados durante la fermentación alcohólica del vino), terciarios 
(procedentes de la destilación) y cuaternarios (aparecen durante el proceso de 
envejecimiento) (Ivanović et al., 2021; Spaho et al., 2013).  
La destilación es una etapa determinante en la composición final del Brandy de Jerez, 
produciéndose un incremento de la concentración de etanol y los constituyentes 
aromáticos primarios y secundarios (Tsakiris et al., 2014). Durante este proceso tiene 






reacciones de esterificación, acetilación, de Maillard y degradaciones de Strecker 
(Cantagrel et al., 1990; Tsakiris et al., 2014), que determinarán la composición final del 
destilado. Los principales factores que pueden ser controlados durante este proceso son 
el vino base utilizado, la temperatura de destilación y el caudal de vino (Tsakiris et al., 
2014).  
La naturaleza de los destilados obtenidos condicionará la composición aromática del 
brandy. Estos pueden tratarse de una mezcla de aguardientes de baja graduación 
alcohólica, inferior al 70 % v/v (holandas), aguardientes de media graduación, 
comprendida entre 70 y 85.9 % v/v, o destilados de alta graduación, con contenidos 
superiores a 86 % v/v (Durán-Guerrero et al., 2021). 
Otro aspecto clave en el aroma del Brandy de Jerez es el origen y acondicionamiento 
de las botas de roble americano, y su proceso de envinado (tipo de vino que ha 
contenido y tiempo) o uso previo del barril, es decir, si se ha utilizado anteriormente para 
producir brandy (Durán-Guerrero et al., 2021).  
A pesar de la importancia del perfil de compuestos volátiles sobre el aroma del Brandy 
de Jerez, la bibliografía disponible hasta la fecha es escasa (Durán-Guerrero et al., 
2021). En la Tabla 2 se muestran los principales compuestos volátiles determinados en 

















Tabla 2. Compuestos volátiles identificados en Brandy de Jerez, descriptores 
sensoriales y rangos de concentración referenciados en estudios previos. Tabla 
adaptada de Durán-Guerrero et al., 2021. 
Compuestos volátiles Descriptores sensoriales Concentración (mg/L) 
Alcoholes   
2-butanol Vinoso / medicinal 1.8 
2-metilbutanol Tostado / afrutado / aceite / alcohólico / vino / whisky  80.9–181.8 
2-feniletanol Rosa / talco / miel 4.99–22.4 
Alcohol 2-feniletílico Rosa / miel 2.16–2.52 
3-hexenol (E / Z) Herbáceo / verde / pasto 0.238–2.245 
Butanol Vinoso / medicinal 7.92–9.36 
Hexanol Hierba cortada / resina / herbáceo / madera 3.99–10.44 
Alcoholes isoamílicos Disolvente / torta / alcohólico / esmalte de uñas / fruta madura  193–678 
Isobutanol Alcohol / solvente / vinoso / esmalte de uñas 119.88–133.92 
Metanol Disolvente / afrutado picante 238.32–245.16 
Aldehídos   
Acetaldehído Manzana guisada / picante 78.84–86.76 
Benzaldehído Tostado / almendra amarga / nuez / ahumado 2.91–35.3 
Furanos   
2-Furaldehído Alcohol / tarta / almendra / pan tostado / incienso / floral 0.19–14.54 
5-hidroximetil-2-furaldehído Rancio / tostado 0.072–87.09 
5-metil-2-furaldehído Tostado / almendra amarga / tarta / quemado / caramelo 0.062–1.94 
Ácidos   
Ácido acético Graso 210.1–307.6 
Ácido decanoico Rancio / queso / cera / plastilina 5.12–15.1 
Ácido dodecanoico Graso / coco / laurel 1.51–7.18 
Ácido octanoico Rancio / queso / graso 0.007–13.4 
Ésteres   
Acetato de 2-feniletilo Afrutado / meloso / floral / rosa 0.013–0.119 
Succinato de dietilo Fruta demasiado madura / lavanda 0.071–5.40 
2-metilbutanoato de etilo  0.103–0.241 
2-metilpropanoato de etilo  0.064–0.454 
Acetato de etilo Piña / barniz / balsámico / afrutado / disolvente / picante / pegamento 134.28–236.52 
Butanoato de etilo Plátano / piña / fresa 0.327–14.9 
Decanoato de etilo Sintético / rancio 0.64–4.93 
Dodecanoato de etilo Dulce / ceroso / floral / jabonoso / limpio 0.160–1.08 
Heptanoato de etilo Fresa plátano 0.057–0.104 
Hexadecanoato de etilo Ceroso suave 1.44 
Hexanoato de etilo Plátano / manzana verde 0.46–1.79 
Isopentanoato de etilo Afrutado / dulce / manzana / piña / tutti frutti 0.090–0.443 
Lactato de etilo Láctico / yogur / fresa / frambuesa / mantecoso 48.24–50.76 
Nonanoato de etilo Afrutado / rosa / ceroso / ron / vino / tropical  
Octanoato de etilo Piña / pera / jabonoso / plátano 0.63–5.4 
Pentanoato de etilo Dulce / afrutado / manzana / piña / verde 0.041–0.398 
Succinato de etilo Toffee / café 3.96–7.2 
Tetradecanoato de etilo Suave ceroso / jabonoso 0.36 
Acetato de hexilo Manzana / pera / plátano / floral 0.0004–0.003 
Octanoato de isoamilo  0.002–0.018 
Acetato de isoamilo Dulce / afrutado / plátano 0.101–1.098 
(E) -Metil-2-octenoato  0.0007–0.0027 
Decanoato de metilo  0.001–0.007 
Terpenos   
Linalol Moscatel / rosa / lavanda 0.053–0.590 
Nerolidol Floral / verde / cítrico / amaderado / ceroso 0.002–0.004 
α-Terpineno  0.0017 
α-Terpineol Lily / pastel 0.007–0.097 
Fenoles volátiles   
4-etilguayacol Picante / ahumado / tocino / fenólico / clavo 0.046–0.210 
Eugenol Canela / clavo 0.007–0.071 
Vanilina Vainilla 0.13–5.94 
Misceláneo   
1,1-dietoxietano Fruta verde / regaliz / torta / afrutado / fruta demasiado madura 105.84–115.56 






2. Trazabilidad geográfica de alimentos e implicaciones comerciales 
2.1. Frutas tropicales en España 
El sector de las frutas tropicales ha experimentado un fuerte crecimiento en España 
durante los últimos años.  En 2018, alcanzó la cifra de 325 millones de euros, 
localizándose el grueso de la producción en Andalucía y destacando los cultivos de 
mango, aguacate, chirimoya y níspero. Entre ellos, el mango y aguacate se han 
constituido como unos de los principales cultivos en Málaga y Granada.  
2.1.1. Mango 
El mango (Mangifera indica L.) es la fruta subtropical con mayor volumen de producción 
en el mundo, con el 52 % del total y el 23 % de la exportación en 2018 (Figura 10). Tiene 
su origen en la India, donde se cultiva desde hace más de 4000 años y en la actualidad 
su producción se centra mayoritariamente en zonas con climas tropicales y 
subtropicales. 
 
Figura 10. Porcentaje del volumen producción y de exportación mundial de las 
principales frutas tropicales en 2018 (FAO, 2018) 
 
El mango es apreciado por su valor nutricional y por la presencia de compuestos 
saludables, siendo particularmente rico en polifenoles y carotenoides (Lauricella et al., 
2017). Las principales variedades de mango que se han adaptado al clima y suelo 
español son Osteen (variedad más cultivada en España, con casi el 80 % de la superficie 










Figura 11. Variedades de mango adaptadas al clima y suelo español 
2.1.2. Aguacate 
El aguacate (Persea americana) es una fruta originaria de México (actualmente el mayor 
productor mundial). Se trata también de una de las principales frutas tropicales con mayor 
volumen de producción en el mundo, abarcando un 6 % del total, por detrás del mango, la 
piña y la papaya (Figura 10). Sin embargo, su importancia en las exportaciones es aún mayor, 
alcanzando un 30 % del comercio mundial en 2018, que lo situó en segunda posición por 
detrás de la piña (Figura 10). Las variedades más comercializadas son la Hass (la más 
conocida y producida a nivel mundial), Fuerte, Bacon, Cocktail y Pinkerton (Figura 12). 
 
Figura 12. Variedades de aguacate más comercializadas en el mundo y adaptadas al 
clima y suelo de España 
 
El origen del aguacate en España se remonta a 1955, cuando se realizó la primera 
plantación comercial en la costa de Granada (Almuñécar). Antes de eso, en las Islas 
Canarias se habían cultivado árboles de aguacate aislados con semillas sudamericanas. 
A partir de entonces, las plantaciones de estos árboles aumentaron enormemente y a 
día de hoy se extienden por las Islas Canarias y la costa de Andalucía (Rodríguez et al., 
2019), localizándose en torno al 90 % de la producción de aguacate de España en las 






Las propiedades nutricionales y saludables del aguacate han impulsado de manera 
importante su consumo en los últimos años. Entre ellas podemos citar su alto contenido 
en nutrientes esenciales, varios fitoquímicos potenciales para la prevención del cáncer, 
proteínas, ácidos grasos insaturados, antioxidantes naturales y vitaminas liposolubles 
menos comunes en otras frutas, y bajo contenido de sodio y grasas (Duarte et al., 2016; 
Pleguezuelo et al., 2018). Estas propiedades le han hecho ganar la consideración de 
“superalimento”, aunque este término puede ser engañoso e implica declaraciones de 
propiedades poco realistas (Bhuyan et al., 2019). 
2.2. Trazabilidad del mango y el aguacate 
España es el único productor y exportador de mango y aguacate de Europa, lo cual le 
confiere una situación estratégica única por su proximidad y facilidad de incorporación 
dentro de este mercado (Moreno-Ortega et al., 2019). Esto permite que las frutas se 
puedan recoger en su punto óptimo de maduración para ser comercializadas 
rápidamente. Por el contrario, las empresas competidoras, localizadas principalmente 
en Latinoamérica, Asia y África, requieren de largos períodos de suministro que llega a 
demorarse hasta varias semanas (barco), afectando de manera importante a la calidad 
del producto (Bill et al., 2014), ya que en la mayoría de los casos deben recolectarse en 
estadios inmaduros que conllevan una pérdida de su calidad sensorial. Estos tiempos 
de suministro se pueden acortar a través del transporte por avión, pero suponen un 
incremento sustancial del precio que disminuiría su competitividad frente al producto 
nacional. Así, el mango y aguacate de las regiones costeras andaluzas unas 
características de calidad diferenciadas en el mercado europeo. 
Sin embargo, con la globalización del mercado puede llegar fruta a España desde 
cualquier país y en cualquier época del año, dejando a las empresas españolas en una 
situación de vulnerabilidad si no se protegen legalmente. Por esta razón, los productores 
de mango y aguacate de la costa andaluza han demandado en los últimos años un sello 
de calidad que los distinga y proteja de los mangos y aguacates producidos en otros 
países. Esta distinción le otorgaría un valor añadido al producto por su localización 
geográfica y por los mecanismos de control de la producción que estarían obligados a 
adoptar los productores bajo las especificaciones y estándares de calidad de la IGP, 
impactando en la calidad percibida por los consumidores y en sus preferencias de 
compra.  
Actualmente, la asociación Española de Productores de Frutas Tropicales ha iniciado 
los trámites para lograr una Indicación Geográfica Protegida (IGP) para mangos y 






mantenimiento de esta IGP es la disponibilidad de herramientas que permitan identificar 
y diferenciar los mangos y aguacates producidos bajo ese sello de calidad, de los 
producidos en otras zonas geográficas. Sin embargo, esta tarea no es trivial y a menudo 







3. Métodos estadísticos: quimiometría 
La quimiometría es un campo interdisciplinar enfocado a la aplicación de métodos 
matemáticos, estadísticos y de lógica formal para la transformación de señales 
analíticas y datos químicos en información fácilmente interpretable. En los últimos años, 
ha adquirido una fuerte relevancia motivada tanto por el desarrollo de las técnicas 
analíticas, que generan una gran cantidad de información (Brereton et al., 2018), como 
por la capacidad computacional a bajo coste. La quimiometría abarca una gran variedad 
de campos, como el diseño de experimentos, procesado de señales analíticas, 
calibración, resolución de sistemas dinámicos, reconocimiento de patrones y control de 
procesos.  
Los estudios de calidad y trazabilidad alimentaria a menudo requieren de soluciones 
analíticas que puedan dar respuestas cualitativas. Estas soluciones analíticas generan 
frecuentemente múltiples medidas para una misma muestra, por lo que el uso de 
herramientas estadísticas multivariantes resulta altamente eficiente para obtener la 
mayor cantidad de información de los datos y mejorar su interpretabilidad (Oliveri & 
Forina, 2012).  
En términos generales, las técnicas multivariantes pueden clasificarse en función del 
método de aprendizaje: supervisado y no supervisado. 
3.1. Aprendizaje no supervisado 
El objetivo de las técnicas de aprendizaje no supervisado es adquirir la mayor 
información estructural sobre los datos, ya sea mediante agrupaciones (como el análisis 
de conglomerados o análisis cluster) según su similitud o simplificando su estructura sin 
perder las características fundamentales (técnicas de reducción de dimensionalidad). A 
esta última categoría pertenece el análisis de componentes principales (PCA), 
ampliamente utilizado en investigaciones aplicadas (Grané & Jach, 2014) debido a su 
facilidad de uso, incorporación en la mayoría de programas estadísticos y alta 
interpretabilidad.  
3.2. Aprendizaje supervisado 
Las técnicas de aprendizaje supervisado aprenden a relacionar grupos de variables de 
entrada y de salida de un modelo, con el objetivo de predecir las salidas para nuevos 
datos (Cunningham et al., 2008). Estos métodos son a su vez categorizados como 
modelos de clasificación, cuando las variables de salida son categóricas, y de regresión, 






Los modelos de clasificación han supuesto un gran avance en el estudio de la calidad y 
trazabilidad de productos alimentarios con múltiples aplicaciones a lo largo de los años 
(Cubero-Leon et al., 2014; Jiménez-Carvelo et al., 2019; Oms-Oliu et al., 2013). Se trata 
de métodos estadísticos que construyen reglas matemáticas o modelos capaces de 
caracterizar una muestra con respecto a una propiedad cualitativa: pertenencia o no a 
una población en función de su perfil analítico (Oliveri, 2017). Su funcionamiento se basa 
en el aprendizaje automático (machine learning en inglés) y son referidas como técnicas 
supervisadas. Existen dos familias de métodos de aprendizaje automático que 
satisfacen esta necesidad (Oliveri & Forina, 2012): 
• Análisis discriminantes: asignan las muestras a una de las clases (también 
referidas como categoría o población) predefinidas en el modelo, por lo que se 
necesitan dos o más categorías para su construcción (Figura 13a). Por esta 
razón, es necesario definir perfectamente todas las clases que son introducidas 
al modelo con un tamaño de muestra representativo de la población, y que en 
muchas ocasiones es difícil de obtener. La limitación de estas técnicas aparece 
si se introduce una muestra desconocida que no pertenece a ninguna de las 
categorías definidas, ya que será forzosamente clasificada como una de ellas 
(Khan & Madden, 2014). Estas técnicas resultan por lo tanto útiles para encontrar 
diferencias entre dos o más poblaciones que estén bien definidas. No obstante, 
también pueden ser modificadas para definir regiones de indecisión (Figura 13a 
y 1b) y abordar problemas similares al modelaje de clases que se detalla a 
continuación. Algunos de los modelos más utilizados en el estudio de la calidad 
y trazabilidad alimentaria son: linear discriminant analysis (LDA), partial least 
squares discriminant analysis (PLS-DA), quadratic discriminant analysis (QDA), 
regularized discriminant analysis (RDA) o K-nearest neighbor (KNN). 
• Modelaje de clases: también referidas como “clasificación de una clase”, 
identifican la compatibilidad de una muestra con las características de una única 
clase de interés, pudiendo ser construidos para problemas con una o más 
categorías de muestras. Esta arquitectura solventa el problema de introducir 
clases desconocidas al modelo, ya que, si la muestra no pertenece a la clase de 
interés, es clasificada como desconocida (Figura 13c). Son especialmente útiles 
para problemas en los que la clase objetivo queda perfectamente definida 
mientras el resto de las clases (que podría ser ilimitado) no necesitan estar 
necesariamente bien definidas. Es el caso de problemas de verificación del 






productos, detección de muestras adulteradas o verificación de pertenencia a un 
sello de calidad como una DOP o IGP (Khan & Madden, 2014). Algunos de los 
modelos más utilizados para estos casos son soft independent modelling of class 
analogy (SIMCA), support vector machines (SVM), unequal class models 
(UNEQ), potential function methods (PFM) o modificaciones de los modelos PLS-
DA anteriormente mencionados.  
 
Figura 13. Ejemplo de la estructura para problemas de clasificación de dos clases de 
(a) análisis discriminante puro, (b) análisis discriminante modificado para definir 
regiones de indecisión, (c) modelaje de clases. Las muestras que caen en los espacios 
rojo y azul son clasificadas como pertenecientes a dichas clases, mientras que el color 
blanco representa regiones de indecisión (la muestra es clasificada como 
desconocida). Imagen adaptada de Oliveri, 2017. 
 
3.2.1. Optimización y validación de modelos supervisados 
La construcción de modelos supervisados implica un proceso de optimización o 
calibración de sus parámetros, seguida de una validación, cuyo propósito es estimar la 
capacidad que tiene el modelo de predecir la categoría de nuevas observaciones en 
base a sus variables de entrada. Esto se conoce como proceso de remuestreo y se basa 
en optimizar el modelo con un subconjunto de observaciones (llamado training set) para 
ser evaluado o validado con las observaciones restantes (test set). Este proceso se 
puede repetir en múltiples ocasiones para evitar sesgos por la elección de ambos 
subconjuntos. Algunos de los métodos de remuestreo son los siguientes: 
• Validación simple: consiste en dividir las observaciones en dos subconjuntos, 
uno para su entrenamiento y otro para su validación (generalmente en 
porcentajes como 70 y 30 % respectivamente). La limitación de este tipo de 






observaciones de cada subconjunto, por lo que no es recomendable su 
aplicación cuando el número de muestras es pequeño. 
• Validación cruzada simple: es uno de los métodos de remuestreo más 
utilizados en la optimización y validación de modelos supervisados. Se basa al 
igual que el anterior en dividir las muestras en un subconjunto de optimización y 
otro de validación, con la diferencia de que este proceso se repite en múltiples 
ocasiones hasta que todas las observaciones han estado en el subconjunto de 
validación al menos una vez. El error del modelo se calcula como un promedio 
de todas las repeticiones. Cuando el subconjunto de validación está formado por 
una sola muestra adopta el nombre de leave one out cross-validation (LOOCV). 
La limitación de este método está en que las muestras de la validación también 
se utilizan para optimizar los parámetros del modelo, de forma que no son 
completamente independientes y pueden producir un ligero sobreajuste 
(Westerhuis et al., 2008). 
• Doble validación cruzada: es similar al método anterior, con la diferencia de 
que el subconjunto de optimización es a su vez divido en uno de validación y otro 
de entrenamiento para optimizar los parámetros del modelo (Westerhuis et al., 
2008). Este método permite obtener independencia completa entre la 
optimización y validación. 
Finalmente, y una vez estimada la capacidad del modelo de predecir nuevas muestras, 
se puede calcular su significancia estadística mediante un test de permutación. El 
objetivo de este test es calcular la distribución nula (no clasificación) mediante la 
reorganización de las muestras y compararla con la capacidad real del modelo. Aunque 
esta etapa no es estrictamente necesaria cuando el proceso de validación se ha 
realizado correctamente, es recomendable cuando se construyen modelos con un 








































La presente tesis doctoral tiene como objetivo general desarrollar y aplicar herramientas 
analíticas y quimiométricas para estudiar la calidad y trazabilidad de productos 
alimentarios. Para ello, se ha dividido la investigación en tres capítulos con varios 
objetivos específicos: 
Capítulo 1: Calidad aromática de vinos espumosos y vinos rosados. 
o Objetivo 1.1: Desarrollo de una metodología basada en la microextracción en fase 
sólida en el espacio de cabeza (HS-SPME), cromatografía de gases (GC) y 
espectrometría de masas (MS) para determinar terpenos en vinos espumosos. 
Aplicación de la metodología para caracterizar el perfil de estos compuestos 
varietales en Champagne y Cava, y comparativa con nuevos vinos espumosos 
producidos en Andalucía con el mismo método de producción (método Tradicional). 
o Objetivo 1.2: Evaluación del impacto sobre el perfil de ésteres de la segunda 
fermentación en botella llevada a cabo durante el proceso de elaboración de vinos 
espumosos.  
o Objetivo 1.3: Evaluación del impacto sobre el perfil de ésteres de la maceración 
pre-fermentativa y la crianza sobre lías, llevadas a cabo durante el proceso de 
elaboración de vinos espumosos producidos con la variedad de uva andaluza Pedro 
Ximénez. 
o Objetivo 1.4: Desarrollo de una metodología estadística integrativa para profundizar 
en el conocimiento de las interacciones que se producen entre el perfil volátil y no 
volátil y su relación con las características sensoriales del vino. 
o Objetivo 1.5: Impacto sobre el perfil volátil de vinos rosados de la fermentación 
secuencial con levaduras no Saccharomyces en combinación con levaduras 
Saccharomyces cerevisiae.  
Capítulo 2: Calidad aromática del Brandy de Jerez.  
o Objetivo 2.1: Desarrollo de una metodología basada en la microextracción en fase 
sólida en el espacio de cabeza (HS-SPME), cromatografía de gases (GC) y 
espectrometría de masas (MS) para determinar ésteres en brandies. Aplicación en 
brandies sometidos a un proceso de estabilización frio y filtración para estudiar el 
comportamiento de los ésteres etílicos de ácidos grasos de cadena larga que están, 
implicados en la formación de neblina indeseada. 
o Objetivo 2.2: Evaluación del proceso de estabilización por frío y filtración que se lleva 
a cabo antes del embotellado del Brandy de Jerez. Impacto sobre el perfil de ésteres 
y comparación con la estabilización a temperatura ambiente.  




o Objetivo 3.1: Desarrollo de una metodología basada en isótopos estables, análisis 
multi-elemental y técnicas quimiométricas para diferenciar los mangos producidos 
en la zona de la costa andaluza de los producidos en otros países.  
o Objetivo 3.2: Desarrollo de una metodología basada en isótopos estables, análisis 
multi-elemental y técnicas quimiométricas para diferenciar los aguacates producidos 



































The overall aim of this PhD Thesis is the development and application of analytical and 
chemometric tools to study the food quality and traceability of food products. To do this, 
the research has been divided into three chapters with several specific objectives: 
Chapter 1: Aroma quality of sparkling wines and rosé wines. 
• Objective 1.1: Development of a methodology based on headspace solid-phase 
microextraction (HS-SPME), gas chromatography (GC) and mass spectrometry 
(MS) to determine terpene compounds in sparkling wines. Application of the 
methodology to characterize the profile of these varietal compounds in 
Champagne and Cava, and comparison with new sparkling wines produced in 
Andalusia with the same production method (Traditional method). 
• Objective 1.2: Evaluation of the impact of the second fermentation in bottle on 
the ester profile of sparkling wines. 
• Objective 1.3: Evaluation of the impact of the pre-fermentation maceration and 
aging on lees carried out during winemaking on the ester profile of sparkling 
wines from the Pedro Ximénez grape variety. 
• Objective 1.4: Development of an integrative statistical methodology to deepen 
knowledge on the interactions between the volatile and non-volatile profiles, and 
their relationship with the sensory properties of wine. 
• Objective 1.5: Impact of the sequential fermentation with non-Saccharomyces in 
combination with Saccharomyces cerevisiae yeasts on the volatile profile of rosé 
wines. 
Chapter 2: Aroma quality of Brandy de Jerez 
• Objective 2.1: Development of a methodology based on headspace solid phase 
microextraction (HS-SPME), gas chromatography (GC) and mass spectrometry 
(MS) to determine ester compounds in brandies. Application of this methodology 
to characterize the ester profile of brandies subjected to a cold stabilization 
process and filtration to study the ethyl esters of long chain fatty acids behaviour, 
which are involved in the undesirable haze formation. 
• Objective 2.2: Evaluation of the cold stabilization and filtration process that takes 
place before bottling of “Brandy de Jerez”. Impact on the ester profile of these 
brandies and comparison with the stabilization at room temperature. 






• Objective 3.1: Development of a methodology based on stable isotopes, 
multi-elemental analysis and chemometric techniques to differentiate mangoes 
produced in the Andalusian coastal strip from those produced in foreign 
countries. 
• Objective 3.2: Development of a methodology based on stable isotopes, multi-
elemental analysis and chemometric techniques to differentiate avocados 

















































CALIDAD AROMÁTICA DE VINOS 


































La calidad aromática del vino es uno de los atributos con mayor impacto sobre las 
preferencias de los consumidores, siendo el resultado de complejas interacciones entre 
la fracción volátil y no volátil que compone esta bebida. A lo largo de los años se ha 
tratado de identificar compuestos claves responsables de descriptores aromáticos 
específicos, así como entender el impacto que tienen distintas etapas del proceso de 
elaboración sobre los atributos sensoriales de los vinos. Sin embargo, los efectos 
sinérgicos que aparecen por las interacciones entre distintos compuestos, volátiles y no 
volátiles, hacen que esta labor no sea trivial, siendo necesario el estudio de grupos de 
compuestos o incluso de tantos compuestos como sea posible determinar, para 
entender sus implicaciones. 
En este capítulo se desarrollan y aplican metodologías analíticas para determinar el 
perfil de terpenos en vinos espumosos y el perfil de ésteres en vinos espumosos y 
rosados, abordando los 5 primeros objetivos específicos.  
Primeramente, se optimiza y valida un método basado en HS-SPME-GC-MS para 
determinar terpenos en vinos espumosos y se caracterizan Cavas, Champagnes y vinos 
espumosos andaluces. Mediante el uso de técnicas quimiométricas se obtienen las 
principales diferencias en el perfil de terpenos que tienen las distintas tipologías de 
vinos, elaborados con distintas variedades de uva y tiempos de crianza. 
Por otro lado, se aborda el efecto que tienen distintas etapas del proceso de elaboración 
de vinos espumosos y rosados sobre el perfil aromático, con especial interés en los 
ésteres, por su relevancia en las características sensoriales de los vinos. Las etapas 
estudiadas son la maceración pre-fermentativa, la segunda fermentación en botella y el 
tiempo de crianza sobre lías en vinos espumosos, y la fermentación secuencial con 
levaduras Saccharomyces y no Saccharomyces como alternativa a la convencional en 
vinos rosados. Finalmente, se utilizan estas muestras de vinos rosados para desarrollar 
una metodología estadística integrativa que permite evaluar los complejos mecanismos 
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La calidad aromática del brandy, al igual que en el vino, es uno de los atributos con 
mayor relevancia para los consumidores. Su resultado depende en gran medida del vino 
base utilizado para su elaboración, aunque también entra en juego el proceso de 
destilación, que produce los principales cambios en su composición relacionados con 
sus propiedades sensoriales únicas.  
Los ésteres se encuentran entre los mayores constituyentes de los brandies y son de 
los compuestos aromáticos con mayor impacto en las características sensoriales de este 
producto. Sin embargo, no existen muchas referencias bibliográficas que hayan 
abordado su modulación durante la etapa de producción del Brandy de Jerez.  
En este capítulo se optimiza y valida un método basado en HS-SPME-GC-MS para la 
determinación de 28 ésteres en brandies. Para ello se utilizan herramientas estadísticas 
multivariante como la metodología de superficie de respuesta, que permiten realizar 
procesos de optimización con gran precisión y con un número de experimentos 
reducido. La metodología desarrollada se validó en términos de linealidad, sensibilidad 
y precisión de acuerdo a los criterios establecidos por AOAC.  
Esta metodología fue posteriormente aplicada para investigar la modulación de los 
ésteres en muestras de Brandy de Jerez provenientes de Solerajes con tiempos de 
crianza diferentes. Se observaron cambios importantes en esta familia de compuestos 
con el tiempo de crianza, relacionados previsiblemente con procesos de hidrólisis y 
efectos de “merma” por evaporación del alcohol y el agua a través de los poros de las 
barricas de madera. 
Por otro lado, esta metodología se aplicó para estudiar el efecto sobre los ésteres de un 
proceso de estabilización por frio y filtración que se aplica para reducir la neblina que 
aparece por la suspensión de ciertos compuestos, entre otros, los ésteres etílicos de 
ácidos grasos de cadena larga (C12-C20). Además, este proceso de estabilización por 
frío se comparó con una estabilización a temperatura ambiente. Ambos procesos 
resultaron exitosos para reducir (precipitar) los ésteres etílicos de cadena larga. Sin 
embargo, la estabilización por frío y filtración provocó menos cambios en el perfil de 
ésteres de los brandies, resultando un proceso menos agresivo.  
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A method based on headspace solid-phase microextraction and gas chromatography 
coupled to mass spectrometry was optimised and validated to quantify 28 esters in 
brandies. The optimal extraction conditions using a response surface methodology and 
a multicriteria desirability function were obtained at 33 ºC with an extraction time of 55 
minutes and a sample dilution of 7.2 % v/v ethanol. The method developed for the 28 
esters (including ethyl esters of fatty acids, higher alcohol acetates, ethyl esters of 
branched acids, ethyl esters of odd carbon number fatty acids, methyl esters of fatty 
acids, cinnamates, and isoamyl esters of fatty acids) was successfully validated in terms 
of linearity, matrix effect, intra and inter-day precision, detection and quantification limit, 
and accuracy. This method was tested on Spanish sherry brandies matured through the 
traditional dynamic ageing system of Criaderas and Solera. The main differences in the 
brandy samples related to the ester profile were highlighted by means of multivariate 
statistical analyses, revealing the main changes as a consequence of the dynamic 
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Brandy is a spirit beverage elaborated by distilling wine followed by maturation in wooden 
casks (Regulation (EC) 2019/787). This alcoholic drink is characterized by a complex 
matrix comprising a large number of metabolites with different chemical natures, 
including higher alcohols, acids, esters, terpenes and carbonyl compounds (Tsakiris et 
al., 2014). These compounds are formed at different stages of brandy production, such 
as the ripening of grapes (primary flavour), wine fermentation (secondary flavour), wine 
distillation (tertiary flavour), and the maturation or ageing of brandy (quaternary flavour) 
(Spaho et al., 2013). Among them, esters constitute one of the most important families 
of volatile compounds, affecting the aroma and quality of brandies, ethyl esters of fatty 
acids being of special importance due to their abundance in distilled spirits (Guymon, 
1974).  
The relevance of esters on the sensory properties of distilled beverages comes from their 
relatively high content and low odour threshold (Nascimento et al., 2008). Although these 
compounds are present in grapes, they are mainly produced enzymatically during yeast 
fermentation and through the ethanolysis of acyl-CoA formed during fatty acid synthesis 
or degradation (Bao Jiang, 2012). Most esters are formed at the beginning of 
fermentation, but their concentration also varies slightly during wine maturation, the 
distillation process and brandy ageing (Tsakiris et al., 2014). Thus, increasing contents 
of ethyl esters of fatty acids such as ethyl decanoate and laurate in brandies can be 
associated with the preservation of wines with lees before distillation since these 
compounds are generally retained within yeast cells. The even-numbered fatty acids are 
known to predominate in natural products, apparently because the acid precursors are 
synthesized by successive couplings of the acyl-CoA fragment with acetyl-CoA (a C2 
addition to the molecule). Thus, the most characteristic esters of distilled alcoholic 
beverages such as brandy are usually those of even-numbered higher-boiling fatty acids, 





particularly caproic (C6), caprylic (C8), capric (C10), lauric (C12), myristic (C14), and 
palmitic (C16) acids (Guymon & Crowell, 1969; van Jaarsveld et al., 2017).  
Many esters have previously been identified and quantified using classical 
methodologies for general volatile identification including the presence of organic 
solvents, and less sensitive techniques (determinations > mg/L) such as gas 
chromatography coupled with a flame ionisation detector (GC-FID) (Steger & 
Lambrechts, 2000; van Jaarsveld et al., 2017). However, most of the methods are not 
specific to this family of compounds, and specificities of the method of quantification such 
as the internal standards may be not suited to all the analytes within the same family, 
leading to inaccurate quantifications. Previous authors mentioned the importance of the 
synergism among different aroma compounds, even at levels below their individual 
perception thresholds, implying the need to look for chromatographic methods to identify 
as many compounds as possible, even those present at low concentrations (ng/L to mg/L 
levels), which can contribute greatly to the aroma of the final drink (De-La-Fuente-Blanco 
et al., 2020; V. Ferreira et al., 2016; Muñoz-Redondo et al., 2017; Niu et al., 2018).  
In this sense, headspace solid-phase microextraction (HS-SPME) constitutes an 
environmentally-friendly strategy for volatiles extraction, characterized by a simple, 
rapid, accurate, sensitive and easy-to-automate solvent-free technique. It is usually 
coupled to gas-chromatography with a sensitive mass spectrometry instrument (GC-MS) 
and commonly used for the identification and quantification of different classes of 
volatiles in alcoholic beverages (Cardeal et al., 2008; Medina et al., 2020; Rodríguez-
Solana et al., 2018; Vázquez-Araújo et al., 2013), including esters (Rodríguez‐Solana et 
al., 2021; Zacaroni et al., 2017; Zhang et al., 2011; Zhao et al., 2009). As changes in 
experimental parameters can lead to very different extraction efficiencies, HS-SPME 
requires a previous optimization. Traditionally, the optimization of analytical procedures 
has been performed by using the so-called one-factor-at-a-time technique, where only 





the experimental response of one factor at a time is modified and monitored, the rest 
remaining constant. This technique makes it possible to study the effect of the chosen 
factor but does not include interaction effects between factors, often leading to erroneous 
or suboptimal results. In addition, it requires a large number of experimental runs to 
determine the optimal conditions, this being extremely time-consuming (Bezerra et al., 
2008; Gandolfi et al., 2015). To overcome these problems, response surface 
methodology (RSM) has emerged as a good statistical-based strategy. RSM is a 
collection of mathematical and statistical procedures used to fit empirical models to the 
data obtained from experimental designs with a minimum number of experimental 
combinations of the factors  (Bezerra et al., 2008; Polat & Sayan, 2019). A popular RSM 
tool widely used for the optimization of experimental trials is the Box-Behnken design.  
This is a powerful, useful and efficient approach with a rotatable or nearly rotatable 
quadratic design and treatment combinations at central points and middle points of the 
edges of a cube (Ferreira et al., 2007). A large number of applications of this method for 
the optimization of analytical strategies have been reported in recent years (Bezerra et 
al., 2008; Chmiel et al., 2017; Muñoz-Redondo et al., 2020; Rodríguez-Solana et al., 
2017; Sadoughi et al., 2015).  
The goal of this study was to optimize and validate a specific, sensitive and accurate 
analytical method for the simultaneous quantification of a large number of esters in 
brandy using HS-SPME coupled to GC–MS. First, we determined the optimal 
experimental conditions of the HS-SPME by means of response surface methodology 
using a Box-Behnken design. To provide specificity for the method, a total of 8 
deuterated ethyl esters were used as internal standards. The method was then validated 
and applied to real samples of Spanish sherry brandies matured in the Criaderas and 
Solera system, and with different average ageing times. The results of this 
characterization were assessed by means of multivariate statistics and the main 
differences among the samples were related with their ester profile.  





2. Material and methods 
2.1. Brandy samples 
The brandies used in this study are from Jerez de la Frontera (Spain) and with protected 
geographical indication (Regulation (EC) 2019/787). They were elaborated following the 
traditional dynamic ageing system called Criaderas and Solera as established in the 
specifications provided by the Technical File of the Geographical Indication of Brandy de 
Jerez (Boletín Oficial la Junta Andalucía, 2018). 
2.1.1. Brandies for method development 
Five brandy samples with presumably different volatile profiles were used for the method 
validation, including the commercial Spanish sherry brandies Fundador Solera Reserva 
Pedro Domecq (Fundador) and Veterano (Osborne) acquired from a supermarket 
(Córdoba, Spain), as well as one Solera brandy (6-8 months of ageing), one Solera 
Reserva brandy (12-15 months), and one Solera Gran Reserva brandy (8-10 years) were 
provided by Bodegas Fundador (Jerez de la Frontera, Spain).  
2.1.2. Brandies for method application 
The method developed was used to characterize the ester profile of 21 samples, shown 
in Table 1. The younger Criadera in system A was a mixture of holandas, which are wine 
spirits with alcoholic contents below 70 % v/v. In system B, it was a mixture of  wine 
spirits with alcoholic contents between 70 and 86 % v/v (IGP Brandy de Jerez, 2018). 
For the remaining systems (C, D, E, F and G), it was a mixture of young brandies. The 
next levels of Criaderas and Solera followed the dynamic ageing system by refilling the 
extracted fraction with the previous Criadera, always within the same system. Quality 
control samples (QCs) were prepared from a pool of these brandies to detect unwanted 
variations due to potential metabolite degradation processes, analytical and 
experimental trends. 
2.2. Chemicals 





High-performance liquid chromatography (HPLC)-grade ethanol was obtained from J.T. 
Baker Chemicals B.V. (Denventer, Holland). Milli-Q water was produced by a Milli-Q Plus 
water system (Millipore, Spain). Ethylenediaminetetraacetic acid (EDTA) was supplied 
by Panreac Applichem (Barcelona, Spain). Sigma-Aldrich (Madrid, Spain) supplied the 
following: sodium chloride ACS reagent grade (purity ≥ 99.8%), and the standard 
compounds ethyl butyrate (≥ 99%), ethyl hexanoate (≥ 99%), ethyl octanoate (≥ 99%), 
ethyl decanoate (≥ 99%), ethyl dodecanoate (≥ 99%), ethyl myristate (≥ 99%), ethyl 
palmitate (≥ 99%), ethyl stearate (≥ 99%), propyl acetate (≥ 99%), isobutyl acetate 
(≥ 99%), isoamyl acetate (≥ 99%), hexyl acetate (≥ 99%), phenylethyl acetate (≥ 99%), 
ethyl isobutyrate (98%), ethyl 2-methylbutyrate (≥ 99%), ethyl isovalerate (≥ 99%), ethyl 
phenylacetate (98%), ethyl cinnamate (98%), ethyl dihydrocinnamate (98%), methyl 
hexanoate (≥ 99%), methyl octanoate (≥ 99%), methyl decanoate (≥ 99%), isoamyl 
butyrate (98%), ethyl heptanoate (98%), ethyl nonanoate (98%), ethyl propanoate (≥ 
99%), isobutyl hexanoate (≥ 99%), ethyl valerate (≥ 99.7%), acetaldehyde (≥ 99.5%). 
The deuterated internal standards [2H3]-ethyl butyrate, [2H11]-ethyl hexanoate, [2H15]-
ethyl octanoate, [2H5]-ethyl trans-cinnamate, [2H23]-ethyl dodecanoate, [2H27]-ethyl 
myristate, [2H31]-ethyl palmitate, and [2H35]-ethyl stearate, were supplied by CDN 
isotopes (Pointe-Claire, Canada). 
2.3. HS-SPME conditions 
2.3.1. Sample preparation and extraction conditions 
A total of 25 mL of brandy sample were spiked with 20 µL of an internal standard mix 
solution of 8 deuterated ethyl esters at 200 mg/L, since the final concentration was similar 
to the analytes and it made it possible to obtain repeatable and well-defined peaks over 
the course of the experimental runs for the internal standards. After careful inspection, 
considering the chemical structure and the response signal, the peak integration of each 
analyte was normalized using a specific deuterated standard. Ethyl isobutyrate, ethyl 2-
methylbutyrate, ethyl isovalerate, ethyl propanoate, ethyl butyrate, isoamyl acetate, ethyl 





valerate, propyl acetate, and isobutyl acetate were normalized with [2H3]-ethyl butyrate. 
Ethyl hexanoate, methyl hexanoate, methyl octanoate, isoamyl butanoate, isobutyl 
hexanoate, ethyl heptanoate, and hexyl acetate were normalized with [2H11]-ethyl 
hexanoate. [2H15]-Ethyl octanoate was used to normalize ethyl octanoate, methyl 
decanoate. Phenylethyl acetate, ethyl dihydrocinnamate, and ethyl cinnamate were 
normalized with [2H5]-ethyl trans-cinnamate; while ethyl dodecanoate, ethyl decanoate, 
ethyl nonanoate, and ethyl phenylacetate with [2H23]-ethyl dodecanoate. Finally, [2H27]-
ethyl myristate, [2H31]-ethyl palmitate and [2H35]-ethyl stearate were used to normalize 
ethyl myristate, ethyl palmitate and ethyl stearate, respectively. Then, the spiked 
samples were diluted in EDTA solution (200 mM and pH adjusted to 7 with NaOH 1 M), 
which prevents the oxidation of the compounds, thus improving the HS-SPME efficiency 
(Dziekońska-Kubczak et al., 2020). As sample dilution was a factor selected for 
optimization, different dilution conditions were assayed as indicated in the following 
section. Afterwards, 10 mL of this diluted solution were transferred to a 20 mL SPME vial 
containing 3.5 g of NaCl, this amount being enough to obtain conditions of salt saturation, 
which is reported to increase the ionic strength of the analytes and drive more volatiles 
into the headspace (Davis & Qian, 2019; Dziekońska-Kubczak et al., 2020). The vials 
were capped and the solution was homogenized using a vortex shaker for 30 s and 
placed in a Combipal autosampler tray (CTC Analytics, Zwingen, Switzerland).  
A 100 μm PDMS fibre (Supelco, Bellefont, PA, USA), previously conditioned according 
to the supplier’s recommendation, was used for the extraction of esters via HS-SPME. 
This fibre has been previously used in ester analysis due to a similar polarity of these 
analytes and the polymeric coating. For the equilibrium step, the vials were incubated at 
500 rpm for 2 minutes at the extraction temperature, while the extraction was performed 
maintaining agitation at 500 rpm and using the different temperatures and times 
considered for optimization in the next section.  
2.3.2. Optimization of HS-SPME parameters 





The headspace solid-phase microextraction parameters were optimized to achieve good 
chromatographic signals. Optimization was performed by means of a response surface 
methodology (RSM), using the peak area of seven families of esters as responses 
(ordered by abundance: ethyl esters of fatty acids, higher alcohol acetates, ethyl esters 
of branched acids, ethyl esters of odd carbon number fatty acids, methyl esters fatty 
acids, cinnamates and isoamyl esters of fatty acids). Extraction temperature, extraction 
time and sample dilution were the factors optimised by means of a response surface 
methodology (RSM), based on the Box-Behnken design using three levels [-1 (minimum 
value), 0 (medium value) and 1 (as the highest value tested)], as usually expressed in 
coded notation. The levels of the three parameters used to build the Box-Behnken design 
were set as follows: extraction temperature (30, 40 and 50 ºC), extraction time (30, 45 
and 60 min) and sample dilution, which was controlled by the final alcohol content (1.8, 
5.8 and 9.8 % v/v of ethanol). The responses obtained from the Box-Behnken design 
were fitted to a second-order (quadratic) function, and the Bayesian information criterion 
(BIC) was used to select the model coefficients. The lack of fit (considered significant at 
a p-value < 0.05), adjusted R2, predicted R2, predicted vs actual response values and 
the normal plot of residuals were used for model evaluation. The levels of the extraction 
temperature, extraction time and sample dilution were finally optimised by using the 
desirability function (D) of Derringer and Suich (Derringer & Suich, 1980), which enables 
multicriteria optimization to be handled. The individual responses of each family of esters 
were transformed from the experimental domain to individual desirability functions, 
ranging between 0 and 1 for unacceptable and fully desirable response values, 
respectively. Then, a global desirability function was obtained by determining the 
geometric average of the individual desirability values. Model fitting and optimization 
were performed with the Design-Expert v.10 software.  
2.4. GC-MS instrumental parameters 





The conditions of the gas chromatograph were adapted from a previous method 
developed by our research group for esters in wines (Ruiz-Moreno et al., 2017). The 
desorption time and temperature were set at 15 min and 250 °C respectively. This 
process was performed in a Trace GC ultragas chromatograph (Thermo Fisher Scientific 
S. p.A., Rodano, Milan, Italy). Afterwards, the desorbed samples passed to an ISQ Single 
MS spectrometer (Thermo Fisher Scientific, Austin, Texas, USA). The injection was 
performed in splitless mode, and a BP21 column of 50m × 0.32mm and 0.25 µm film 
thickness (SGE Analytical Science, UK) was used for the separation. The carrier gas 
was helium at a constant flow rate of 1.7 mL/min. The oven temperature program was 
set at 40 °C for 5 min, raised to 220 °C at 3 °C/min and held for 30 min. The MS operated 
in electron ionization mode at 70 eV using selected-ion-monitoring (SIM) mode. The 
transfer line and source temperature of the MS were set at 230 °C and 200 °C 
respectively. The identification procedure was performed by comparing the retention 
times and mass spectra with those of the pure standards.  
2.5. Method validation 
The GC-MS method was validated in terms of the linearity of the standard addition curves 
using commercial brandies spiked with a mixture of the analytes at six levels of 
concentration, matrix effect, precision, accuracy (recovery at different spiked levels) and 
limits of detection (LOD) and quantification (LOQ), as in previous similar studies (Antalick 
et al., 2010; Arcari et al., 2017; D. C. Ferreira et al., 2019; Muñoz-Redondo et al., 2020). 
For linearity, five standard addition curves were fitted using different brandy samples 
spiked with the standard compounds at the different concentrations shown in Table 3. In 
GC-MS analyses, a higher range of variation is typically found at the top levels of the 
curve (heteroscedasticity) (Li et al., 2002). To prevent domination of the higher levels of 
concentration, we used a weighting factor aimed at minimizing the sum of the relative 
errors in the regression to correct the calibration curves (de Bairros et al., 2015). The 
slope of the five standard addition curves was used to evaluate the matrix effect. 





Calculation of the LOD and LOQ of each metabolite was based on the signal-to-noise 
ratio of the lowest spiked standard concentration which produced a measurable 
response. Respective ratios of 3:1 and 10:1 were used for the LOD and LOQ. Precision 
was evaluated in terms of repeatability (intra-day) and reproducibility (inter-day). For 
repeatability, 9 identical brandy samples were analysed in a one-day sequence, while 
for inter-day reproducibility, an unspiked sample was measured 12 times over a 1-month 
period. The accuracy was assessed at two levels of concentration (low and high) by 
analysing five replicates of the same brandy.  
2.6. Application of HS-SPME-GC-MS to real samples. 
The ester profile of sherry brandies of different average ages were analysed with the 
optimal conditions of the HS-SPME (temperature and time of extraction, and sample 
dilution) and the validated GC-MS method. Quality control samples (QCs) prepared from 
a pool of brandies of different ageing times were repeatedly analysed throughout the 
experimentation period to detect unwanted variations due to potential metabolite 
degradation processes, or analytical and experimental trends, as mentioned before. Only 
metabolites with stable responses (RSD ≤ 20 in the QCs) and no clear trends in the QCs 
were considered in the method. 
2.7. Statistical analysis 
The statistical analyses of the sherry brandies analyzed with the optimized and validated 
methodology were based on principal component analysis (PCA). This statistic was first 
used to check the overall quality of the data acquired during processing, fitting a model 
that included both the quality control (QCs) and real brandy samples. Then, the QCs 
were removed from the dataset and a new PCA was performed to study the overall 
differences in the ester profile of the samples regarding the dynamic systems of 
Criaderas and Solera. The statistical software R version 4.0.3 using the package 
mixOmics (Rohart et al., 2017) was used to perform the PCAs. 
3. Results and discussion 





3.1. Optimization of the HS-SPME conditions 
The extraction efficiency of volatile compounds by HS-SPME is affected by experimental 
conditions such as pH, amount of sample, sample dilution, ionic strength (salt addition), 
time and temperature of sample conditioning, extraction and desorption. The impact of 
these controlled factors on the final extraction yield varies according to a general pattern 
known as the Pareto principle, which states that for many events, roughly 80% of the 
effects (responses) come from 20% of the causes (Politis et al., 2017). Therefore, 
response surface models (RSM) are usually designed with only those factors with the 
greatest influence on responses to reduce the number of experimental runs needed to 
estimate the coefficients of the models to be fitted.  
The main factors influencing the yield extraction of volatile compounds by HS-SPME are 
the extraction temperature and time, which are generally included as the target 
parameters in optimization attempts (Chmiel et al., 2017; Muñoz-Redondo et al., 2020; 
Pati et al., 2021; Sadoughi et al., 2015). Higher temperatures affect the diffusion 
coefficient of the analytes, shortening the extraction time, but lowering the partition 
coefficient. The samples are, therefore, heated to accelerate the release of volatile 
compounds into the headspace, and reduce the time at which equilibrium between 
sample headspace and the stationary phase of the fused-silica fibre is reached (Chmiel 
et al., 2017; Prosen & Zupančič-Kralj, 1999). The extraction temperature was varied 
between 30 to 50 ºC for optimization since most studies characterizing esters in alcoholic 
beverages found the optimum conditions within this range (Antalick et al., 2010; Muñoz-
Redondo et al., 2017; Plutowska & Wardencki, 2008; Ruiz-Moreno et al., 2017). The 
optimal extraction time depends on the partition coefficient of the analytes and sample 
agitation. The maximum amount of metabolite is extracted when the equilibrium time is 
reached, but this time may be too long for many analytes (Prosen & Zupančič-Kralj, 
1999). Thus, extraction time is usually set at one for which the amount of analyte exceeds 
the limit of quantification. According to normal operation times used for ester 





characterization by HS-SPME in alcoholic beverages in previous studies (Antalick et al., 
2010; Muñoz-Redondo et al., 2017; Plutowska & Wardencki, 2008; Ruiz-Moreno et al., 
2017), the extraction time tested in this study ranged between 30 and 60 min to prevent 
the analyses being too time-consuming.  
Based on previous experience of our research group, sample dilution is a factor with a 
strong impact on the extraction of volatile metabolites, and therefore, it was one of the 
factors included in the experimental design. An important loss of signal can be observed 
for dilutions above 10 % v/v of ethanol, probably as a result of the fibre becoming 
saturated with ethanol, which is found in large quantities in samples with a high alcohol 
content (Rodríguez-Solana et al., 2020). In addition, optimal dilution ratios may reduce 
the matrix effect in complex samples (Pawliszyn, 2011). The range established for the 
dilution rate to control the final degree of alcohol of the samples was from 1.8 to 9.8 % 
v/v of ethanol.  
3.2. Response surface methodology 
The HS-SPME was optimized by means of a Box-Behnken design (BBD) at three levels 
(-1,0 and 1 in coded factors) with the level combinations shown in Supplementary Figure 
S1. This design consisted of 12 experimental runs and 5 central points performed 
randomly. The esters identified were grouped by families and, as Table 2 shows, ordered 
according to decreasing peak areas in the following families: ethyl esters of fatty acids, 
higher alcohol acetates, ethyl esters of branched acids, ethyl esters of odd carbon 
number fatty acids, methyl esters of fatty acids, cinnamates, isoamyl esters of fatty acids. 
Then, a second order model including interactions was fitted for each family of esters 
(response) using a stepwise regression (forward and backward selection) optimised by 
the Bayesian Information Criterion (BIC), obtaining a total of 7 models with the following 
mathematical formula: 
















where, 𝑌𝑖 is the predicted response (peak areas of the ester family i), 𝛼0 is the intercept, 
𝛽𝑖, 𝛽𝑖𝑖 and 𝛽𝑖𝑗 are the coefficients indicating the effect on the responses, and 𝑋𝑖 and 𝑋𝑗 
are the factors.  
The response surface models were obtained considering only the coefficients with a p-
value ≤ 0.05 and were assessed by means of an analysis of variance (ANOVA). All the 
single models displayed non-significant lack of fit at a 95% of confidence level and p-
value of the model below 0.001. The adjusted determination coefficients (R2Adj) showed 
a high percentage of variation in the responses (summation of the ester families) 
explained by the factors, with values above 0.92. In addition, the predicted determination 
coefficients (R2Pred) showed reasonable values with differences less than 0.2 compared 
to the R2Adj (Table 2). The actual vs predicted response values showed a good fit to the 
quadratic models with low prediction errors (Supplementary Figure S2), and the normal 
distribution of the data was confirmed by the normal plot of residuals (Supplementary 
Figure S3).  
The optimal HS-SPME experimental conditions were determined by the multicriteria 
desirability function (D) of Derringer and Suich (Derringer & Suich, 1980). The 
combination of levels for the three factors that produced the highest values in the global 
desirability function determined the optimal conditions of the HS-SPME. The 3D surface 
plots of the desirability values as a function of the extraction temperature, extraction time 
and sample dilution are shown in Figure 1. In each 3D surface plot, the missing factor 
was set to the optimal value determined from the optimization process. Sample dilution 
was the most critical experimental factor since different dilution ratios led to high 
variations in the global desirability values. Moving from higher to lower dilution ratios (i.e., 
from 1.8 to 9.8 % v/v of ethanol), the extraction yield of esters increased progressively, 
obtaining desirability values that ranged from 0 to close to 1. The optimal dilution ratio 
was obtained for a narrow range between 7-8 % v/v of ethanol, regardless of the 
temperature and time of extraction (Figure 1a and 1b). A slight decrease in sample 





dilution (from 8.2 to 9.8 % v/v of ethanol) resulted in a drastic decrease in the extraction 
yield of esters, probably due to the fibre becoming saturated with ethanol. Meanwhile, 
after setting the optimal sample dilution, the temperature and time of extraction did not 
affect the extraction efficiency critically (Figure 1c). However, a combination of lower 
temperature and a longer extraction time led to slight increases in the extraction of 
esters, the optimal values of both experimental factors being found for approximately 32 
to 34 ºC and 52 to 58 min respectively.  
The levels of the three factors that showed the highest extraction yields of esters 
(obtaining a global desirability value of D = 0.951) were a sample dilution of 7.2% v/v of 
ethanol, and a temperature and time of extraction of 33 ºC and 55 min, respectively. 
These optimized parameters were within the experimental range of the Box-Behnken 
design selected in the initial design.  
3.3. Method validation 
After HS-SPME optimization, the GC-MS methodology proposed in this study was 
validated for linearity, matrix effect, intra and inter-day precision, limit of detection and 
quantification and accuracy as previously described in similar studies (Antalick et al., 
2010; Ivanova et al., 2012; Korban et al., 2021; Muñoz-Redondo et al., 2020). The 
chromatographic program was manually inspected and modified to enable the 
quantification of the maximum number of peaks from ester compounds. A total of 8 
deuterated internal standards were used to normalize the peak areas of esters to 
improve the precision of quantification. The internal standard used for each ester 
compound was selected according to similarity of the chemical structure and 
chromatographic response across the different runs.  
3.3.1. Linearity, limits of detection and matrix effect 
Using the method of standard addition, five standard addition curves were built with 
different aged brandies spiked with a mixture of the analytes at six concentration levels 
and the internal standards for compound normalization. The standard addition curves 





were fitted by means of least squares regression. All the esters displayed a satisfactory 
linearity, with R2 ≥ 0.981 (Table 3). Determination of LOD and LOQ was based on the 
minimum injected concentration of standards that was successfully validated, with a 
signal-to-noise ratio of 3 and 10 respectively. The calculated LOD and LOQ are shown 
in Table 3. Meanwhile, the slope of the five standard addition curves built on different 
brandies was compared, and the relative standard deviation (RSD %) was calculated to 
evaluate matrix effects. All the ester compounds showed RSD (%) values below 13, 
except for ethyl phenylacetate (RSD = 21) and ethyl nonanoate (RSD = 30) (Table 3), 
these results being indicative of no matrix effects.  
3.3.2. Precision and accuracy 
Precision was assessed for repeatability and reproducibility. The repeatability of the 
esters included in the method was determined from 9 samples analysed within the same 
day at two levels (low and high) of injected concentrations. The RSD (%) values 
calculated for the repeatability at these two levels varied at an acceptable range between 
1 to 30 % (Table 3), meaning low intra-day variation. The reproducibility was assessed 
with an unspiked sample measured 12 times over a 1-month period. The RSD (%) values 
determined for reproducibility ranged from 1 to 18 % (Table 3), indicating low inter-day 
variation. The accuracy was calculated in terms of recovery at two levels of concentration 
(low and high), obtaining good recovery yields varying between 81 and 118% (Table 3), 
which indicated a high extraction efficiency of esters by the HS-SPME procedure.  
3.4. Application to real samples 
The optimized and validated methodology was used to characterize the ester profile of 
21 samples of sherry brandies (Table 1). These brandies display unique characteristics 
due to the special production method based on a dynamic system known as Criaderas 
and Solera and ageing in American oak casks previously used for Sherry wines of 500-
600 L of capacity (Durán-Guerrero et al., 2021). All the samples were analysed in 
duplicate and the sequence was randomized to avoid misleading results due to 





experimental errors and trends. Pooled quality control samples (QCs) were injected 
throughout the different sequences to check the quality of the data and to correct for 
experimental and analytical drifts by fitting a smoothed cubic spline onto the QCs, as 
previously described (Kokla et al., 2020).  
Most of the esters studied are present in the brandy as consequence of the wine spirits, 
that depends on the distilled wines (these could contain a certain amount of fine lees not 
yet decanted, especially in the first distillations of the year, increasing their 
concentrations); as well as the distillation processes, influenced by the separation yield 
of the distillation heads (many esters are eliminated with the heads due to their affinity 
with ethanol). 
During the ageing, the esters have different behaviours, some of them increase its 
concentration by esterification between ethanol and the free acids present in the 
distillates and other decrease its concentration by hydrolysis due to the acidity of the 
brandy (pH around 3.0 - 4.5). 
Ethyl esters of fatty acids (EEFAs) were the most abundant family of esters in Brandies 
due probably to the continuous esterification of fatty acids and ethanol during ageing 
(Christoph & Bauer-Christoph, 2007), their concentrations ranging between 14.5 and 
44.7 mg/L. They were followed by higher alcohol acetates (HAAs; 1.6 to 5.1 mg/L), ethyl 
esters of branched acids (EEBAs; 365 to 2449 µg/L), ethyl esters of odd carbon number 
fatty acids (EEOCNFAs; 24 to 478 µg/L), methyl esters of fatty acids (MEFAs; 18 to 63 
µg/L), cinnamates (7 to 26 µg/L) and isoamyl esters of fatty acids (IEFAs; 2.5 to 14 µg/L). 
The remaining miscellaneous esters displayed concentrations between 0.7 and 25.8 
mg/L, mainly driven by the high content of ethyl propanoate. Among EEFAs, the ethyl 
octanoate was the most abundant ester, with concentrations ranging between 9 and 
close to 23 mg/L, ethyl hexanoate, ethyl decanoate, ethyl dodecanoate and ethyl 
palmitate also being found in high concentrations compared to the remaining esters 
(Supplementary Table S1). These concentrations agree with previous findings in brandy 





samples (Zhao et al., 2009), ethyl esters of fatty acids being described as the most 
abundant family of esters in brandy (Guymon & Crowell, 1969).  
A multivariate statistical approach based on principal component analysis (PCA) was 
followed to reveal the main differences in the samples related to their ester profile. The 
first two principal components accounted for the 67 % of the total variance found in the 
samples, the main differences related to the ageing being found in PC1, which explained 
36 % of the total variance. Samples from the youngest Criaderas in all the systems 
studied were allocated at lower values of PC1 and moved towards more positive values 
during ageing (oldest Criaderas and also in Solera samples) (Figure 2a). This trend was 
related to strong decreases in the ester concentration during ageing. Among the esters 
that presented a reduction in their concentration with ageing time were phenylethyl 
acetate, methyl octanoate, ethyl hexanoate, hexyl acetate, isoamyl acetate, isobutyl 
hexanoate, methyl decanoate, methyl hexanoate, ethyl palmitate, ethyl valerate, ethyl 
octanoate, and to a lesser extend in ethyl stearate, ethyl myristate, ethyl cinnamate and 
ethyl butyrate (Figure 2b). By contrast, PC1 revealed increases during ageing in ethyl 
phenylacetate, ethyl 2-methylbutyrate, ethyl isovalerate, ethyl heptanoate, ethyl 
decanoate, ethyl nonanoate, and less pronounced increases in propyl acetate, isoamyl 
butyrate, ethyl isobutyrate and ethyl dodecanoate, which could be explained by the 
continuous esterification of fatty acids and ethanol during ageing (Christoph & Bauer-
Christoph, 2007). Systems A and B presented negative PC1 values even at Solera level, 
displaying an ester profile more similar to the initial points of the remaining systems 
(corresponding to the younger Criaderas). This was expected since the Solera from 
systems A and B are used as raw material in the youngest Criaderas of the remaining 
systems (C, D, E, F and G).  
Meanwhile, the ester profile of the brandies obtained from Solera with different average 
ageing and maturation times displayed significant variations, which were explained in 
PC2. The systems F and G, with average ageing of 25 and 40 years respectively, were 





located in negative values of this principal component, with values especially negative in 
system G. While the systems with lower average ageing (C, D and E), ranging between 
10 to 15 years, fell in the positive values of PC2. However, all the systems moved from 
more positive to more negative values. This meant an increase in most of the esters in 
the last levels of these systems (1st Criadera and Solera of systems C, D, E, F and G), 
except for ethyl valerate, phenylethyl acetate and hexyl acetate (Figure 2a and 2c). Ethyl 
isobutyrate and ethyl butyrate were reported to increase their contents with ageing in a 
previous study (Caldeira et al., 2010). This increase in the overall content of esters could 
be explained by losses of water and ethanol during the ageing of brandies due to 
evaporation effects and/or perspiration through the pores of the wood (Durán-Guerrero 
et al., 2021).  
4. Conclusions 
A multivariate approach was applied to optimize the HS-SPME conditions for the 
quantification of esters in brandy through GC-MS. Three factors with great influence on 
the extraction of volatiles from alcoholic beverages using HS-SPME were optimized by 
means of a second order Box-Behnken design at three levels. The results confirmed that 
all the factors significantly affected the peak responses of the ester families. The linearity 
of the method was satisfactory in the range evaluated for each compound, with 
determination coefficients higher than 0.99. Good precision, accuracy, LOD and LOQ 
were attained for all the esters included in the method. The optimized methodology was 
then applied to brandies from Jerez from Criaderas and Solera system, the main 
differences in their ester profile being related to the average ageing time of the samples 
analysed.  
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Table 1. Samples of holandas, wine spirits and brandies used to characterize the ester 
























A 1st Criadera  
A Solera 5 years 
B 2nd Criadera  
B 1st Criadera  
B Solera 3 years 
C 2nd Criadera  
C 1st Criadera  
C Solera 10-12 years 
D 2nd Criadera  
D 1st Criadera  
D Solera 10-12 years 
E 2nd Criadera  
E 1st Criadera  
E Solera 15 years 
F 2nd Criadera  
F 1st Criadera  
F Solera 25 years 
G 3th Criadera  
G 2nd Criadera  
G 1st Criadera  
G Solera 40 years 





 Table 2. Results of the quadratic models fitted for each family of esters (ordered by 
abundance in brandies) for the HS-SPME optimization.  
 
a Adjusted coefficient of determination; b Predicted coefficient of determination; c Bayesian information 












Table 3. Ions, linear retention indexes (LRI), linearity, precision, detection and 
quantification limits, and accuracy of each ester compound in brandy samples. Esters 
are grouped in families ordered by abundance in brandies.  
Family of esters 
Lack of fit 
(p-value) 
R2Adj a R2Pred b BIC c 
Model  
(p-value) 
Ethyl esters of fatty acids  0.59 0.94 0.82 292 <0.001 
Higher alcohol acetates 0.83 0.92 0.87 239 <0.001 
Ethyl esters of branched acids 0.61 0.95 0.92 210 <0.001 
Ethyl esters of odd carbon number fatty acids 0.80 0.93 0.85 223 <0.001 
Methyl esters of fatty acids 0.09 0.93 0.74 227 <0.001 
Cinnamates 0.44 0.99 0.97 113 <0.001 
Isoamyl esters of fatty acids 0.63 0.98 0.96 156 <0.001 





Compound Ions (m/z)a LRIb 




















  Level A Level B (µg/L) 
Ethyl esters of fatty acids (EEFAs)                 
Ethyl butyrate 88/71/60 1023 0.0137 -0.6115 192-4806 0.993 7  2 16 2 58 192 1442 107 4806 87 
Ethyl hexanoate 88/99/60 1226 0.0156 6.8514 395-9870 0.981 13  3 10 4 119 395 2961 116 9870 86 
Ethyl octanoate 88/101/27 1435 0.0059 1.4899 809-20236 0.981 6  5 10 8 243 809 6071 106 20236 92 
Ethyl decanoate 88/101/155 1637 0.0675 14.8919 379-9486 0.982 6  18 29 12 114 379 2846 83 9486 91 
Ethyl dodecanoate 88/101/183 1839 0.0076 1.0735 203-5086 0.985 7  6 23 14 61 203 1526 110 5086 100 
Ethyl myristate 88/157/256 2041 0.0234 -0.2748 43-1068 0.983 8  5 24 8 13 43 320 85 1068 84 
Ethyl palmitate 88/101/157 2249 0.0049 -0.0751 37-937 0.991 8  3 15 15 11 37 281 104 937 104 
Ethyl stearate 88/157/312 2455 0.0075 0.0091 4.3-109 0.983 5  22 25 14 1.3 4.3 32.6 97 109 106 
Higher alcohol acetates (HAAs)                 
Propyl acetate 61/43 970 0.0048 0.0160 4.2-106 0.980 7  3 18 1 1.3 4.2 31.7 117 106 96 
Isobutyl acetate 56/43 1004 0.0221 -0.0133 3.6-89 0.984 9  3 17 2 1.1 3.6 26.8 104 89 94 
Isoamyl acetate 70/55/43 1115 0.0725 3.1188 392-9810 0.981 11  5 17 1 118 392 2943 96 9810 82 
Hexyl acetate 56/43 1265 0.0161 -0.0190 4.2-105 0.987 7  3 11 6 1.3 4.2 31.6 99 105 98 
Phenylethyl acetate 104/91/43 1814 0.0566 0.0435 18-459 0.985 10  13 21 18 5 18 138 103 459 83 
Ethyl esters of branched acids (EEBAs)                 
Ethyl isobutyrate 116/88/71 963 0.0054 -0.0748 19-472 0.982 12  1 17 2 6 19 142 81 472 84 
Ethyl 2-methylbutyrate 102/57/85 1037 0.0615 -0.2960 17-428 0.980 11  6 18 4 5 17 128 100 428 82 
Ethyl isovalerate 88/85/57 1060 0.0969 -0.6366 17-429 0.990 9  5 21 6  17 129 110 429 82 
Ethyl phenylacetate 91/105 1781 0.0721 -0.0516 1.1-28 0.984 21  14 11 4 0.3 1.1 8.5 81 28 118 
Ethyl esters of odd carbon number fatty acids (EEOCNFAs) 
Ethyl heptanoate 88/101 1326 0.0402 -0.0624 7.5-187 0.993 5  7 12 7 2.3 7.5 56.2 105 187 105 
Ethyl nonanoate 101/88 1529 0.0175 -0.0407 7.2-179 0.984 30  29 30 14 2.2 7.2 53.6 64 179 104 
Methyl esters fatty acids (MEFAs)                 
Methyl hexanoate 74/87/99 1180 0.0120 -0.0104 2.0-50 0.990 5  3 10 6 0.6 2.0 15.0 105 50 104 
Methyl octanoate 74/87/127 1384 0.0717 -0.0016 2.0-51 0.988 6  5 17 6 0.6 2.0 15.2 86 51 108 
Methyl decanoate 74/87 1588 0.0301 -0.0318 2.2-54 0.981 13  19 25 13 0.7  2.2 16.2 90 54 82 






a Ions used for identification. In bold ions used for quantification in SIM mode. 
b Experimental linear retention indexes in a BP21 chromatographic column. 
c For linearity, five standard addition curves were fitted. 
d Intra-day (repeatability) was evaluated using identical samples of spiked brandy at two levels of concentration (n = 9) 
e Inter-day (reproducibility) was evaluated using an identical non-spiked brandy monitored during one-month period (n = 12). 
f LOD: limit of detection in brandy. 
g LOQ: limit of quantification in brandy. 
h Accuracy in terms of recoveries (%) of ester compounds in brandy samples at two different levels of concentration.  
 
Cinnamates                 
Ethyl cinnamate 176/131 2119 0.0166 -0.0034 1.1-27 0.983 9  11 28 15 0.3 1.1 8.1 84 27 81 
Ethyl dihydrocinnamate 104/91/178 1877 0.1374 0.0458 1.1-29 0.986 9  17 20 17 0.3 1.1 8.6 117 29 104 
Isoamyl esters of fatty acids (IEFAs)                 
Isoamyl butyrate 71/70/55 1258 0.0442 -0.0414 1.8-45 0.991 6  2 11 6 0.5 1.8 13.5 89 45 100 
Miscellaneous esters                 
Ethyl propanoate 102/57/75 968 0.0009 -0.0406 1878-4696 0.993 6  3 16 3 563 1878 1409 110 4696 87 
Isobutyl hexanoate 99/56/71 1350 0.0195 -0.0153 3.8-96 0.992 6  6 13 7 1.1 3.8 28.9 93 96 98 
Ethyl valerate 85/88/101 1128 0.0742 0.0159 7.8-194 0.993 5  4 15 3 2.3 7.8 58.4 89 195 84 






Figure 1. 3D surface plots of the desirability values as function of (a) extraction 
temperature and extraction time at a fixed optimal sample dilution of 7.2 % v/v in 
ethanol; (b) extraction time and sample dilution at a fixed optimal extraction 
temperature of 33 ºC; (c) extraction temperature and sample dilution at a fixed 
optimal extraction time of 55 min. 
 






Figure 2. Principal component analysis carried out on the real brandy samples from 7 
Criaderas and Solera systems with different average ageing. 
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Brandy stabilization is an important step aimed at decanting the suspended chemical 
and biological particles that may cause undesirable turbidity in brandies, commonly 
referred as cloudiness or haze. This phenomenon is originated by high molecular-weight 
lipids and esters, and ethanol-soluble lignins. Ethyl esters of long-chain fatty acids are 
associated with haze formation due to decreases in their solubility when brandies are 
storage at low temperatures. For this reason, producers are recommended to 
intentionally encourage forming of haze and then remove it before releasing the brandy 
to the market. The purpose of this study was to study the influence on the ester profile 
of Brandy de Jerez of two methods of stabilization: room temperature for 1 year and 
filtration, and 7 days at -10 ºC and filtration. Then, the results were compared with the 
samples before stabilization. The use of multivariate statistical analyses made it possible 
to identify the most impacted esters (markers) by the stabilization process. It was 
observed that stabilization at room temperature yielded the most distinct ester profile, 
while changes after cold stabilization were more subtle. Meanwhile, both stabilization 
processes produced a significant decrease in ethyl esters of long-chain fatty acids, 
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1. Introduction 
Brandy is a spirit obtained by distillation of wine. Its consumption is highly extended 
throughout the world, being Spain one of the world’s leading producers with the so-called 
“Brandy de Jerez” or “Sherry Brandy”. This product is elaborated in the Southern Spanish 
area known as Marco de Jerez under a protected geographical indication (Regulation 
(EC) 110/2008),  following the specification provided by the Technical File (Boletín Oficial 
la Junta Andalucía, 2018; Off. J. Eur. Union, 2019). “Brandy de Jerez” is produced from 
holandas (< 70% v/v of ethanol), spirits (70-86% v/v) and wine distillates (86-94.8% v/v), 
and its organoleptic equilibrium is reached by ageing in American oak (Quercus alba) 
casks of capacity lower than 1000 L, previously seasoned with Sherry wines. This ageing 
process follows the traditional dynamic system known as Criaderas and Solera or 
sometimes, additionally by the static system known as Añadas (Schwarz et al., 2009). 
Three quality categories can be distinguished by the ageing according to the Regulation 
of the “Brandy de Jerez”: Brandy Solera (minimum 6 months), Brandy Solera Reserva 
(minimum 1 year) and Brandy Solera Gran Reserva (more than 3 years).  
The final characteristics of this product are determined by the different steps followed 
during the production process, such as raw material and winemaking, distillation system 
(alquitara, charentais alembic, or distillation column), ageing or maturation in American 
sherry casks, and stabilization (Miljić et al., 2013). Brandy stabilization is an important 
step aimed at decanting the suspended chemical and biological particles that may cause 
undesirable turbidity (commonly referred as cloudiness or haze) in brandies, originated 
by high molecular-weight lipids and esters, and ethanol-soluble lignins (Piggott et al., 
1996). Cloudiness often appears in fruit brandies when the alcohol content is below 45 
% v/v, as well as temperatures below 7 ºC, usually reached during storage in 





transportation (Puškaš et al., 2013). In addition, haze can be slowly formed in the final 
product after bottling. For this reason, producers are recommended to intentionally 
encourage forming of haze and then remove it before releasing the brandy on the market 
(Piggott et al., 1996). In brandies and whiskies, haze formation is known to be related 
with major volatile components, colourings, and polyphenol substances. Among the 
volatile metabolites, ethyl and isoamyl esters of long-chain fatty acids, in concrete, ethyl 
esters of C8-C18 fatty acids such as C12 (ethyl laurate), ethyl-9-hexadecanoate (ethyl 
palmitoleate), and especially C16 (ethyl palmitate) and C18 (ethyl stearate); as well as 
phenylethanol, ethyl lactate and long-chain fatty acids are linked to chill haze formation 
(Balcerek et al., 2019; Bordiga, 2017; Miljić et al., 2013). 
There are several ways to reduce the cloudiness in spirit beverages, such as the use of 
activated carbon, an adsorbent and hydrophobic material that is able to trap volatile 
compounds and adsorb organic compounds (Mukhin et al., 2009), or based in filtration 
materials (cellulose, carbon, diatomaceous earth or candle filters) that need to be 
carefully chosen to prevent loss of flavour compounds (Balcerek et al., 2019). A common 
practice to remove haze formation in alcoholic beverages (particularly red, sparkling and 
sweet fortified wines and brandies) is cold stabilization (frozen the spirit at temperatures 
below -5 ºC for a few days) and subsequent filtration before bottling, this being also 
referred as cold filtration (Balcerek et al., 2019; Ribéreau-Gayon et al., 2000; Różański 
et al., 2020).  
Previous works carried out in of fruit brandies (apricot, plum and rye) studied different 
conditions of stabilization such as temperature, and filtration systems (Balcerek et al., 
2019; Miljić et al., 2013; Puškaš et al., 2013; Różański et al., 2020). Results showed the 
influence of these factors on the final turbidity of samples, obtaining the best results with 
intermediate values of temperature (from -1 to -4 ºC) and filter pore size (filter sheets 
with higher nominal retention rate, > 0.7 μm, and membranes with 800 nm pore size). 





However, to the authors’ knowledge, the effect of the cold stabilization and filtration over 
the ester profile of brandies has not been fully approached before. 
The objective of the present work was to study the influence on the ester profile of 
“Brandy de Jerez” of two methods of stabilization: at room temperature for 1 year 
followed by filtration, and 7 days at -10 ºC followed by filtration. The ester profile obtained 
with both stabilization processes was then compared with the ester profile of brandies 
without stabilization. Brandies used in this work were from different ageing periods: 
Solera, Solera Reserva and Solera Gran Reserva. The results were analysed by means 
of multivariate statistical techniques and a multilevel decomposition made it possible to 
reveal the effect of the stabilization process. 
2. Material and methods 
2.1. Brandy samples 
Brandies used in this work are from Jerez de la Frontera (Spain) and with Protected 
Geographical Indication (PGI) (Regulation (EC) 110/2008). The samples were 
elaborated following the traditional dynamic system called Criaderas and Solera as it is 
established in the regulations of the Regulatory Council of “Brandy de Jerez” (The 
Consejo Regulador, 2016). A total of 1 Brandy Solera, 3 Brandies Solera Reserva with 
a final alcohol content of 36 % v/v, and 5 Brandies Solera Gran Reserva were used, with 
a final alcohol content of 40 % v/v. Each brandy was stabilized as follow: 
- Room temperature for 1 years in darkness followed by filtration with Seitz K-200 
filters 
- Cold temperature (-10 ºC) for 7 days and filtration at -10ºC with Seitz K-200 filters. 
Samples before and after stabilization were storage at 6 ºC and immediately analyzed.  
2.2. Chemicals 
High-performance liquid chromatography (HPLC)-grade ethanol was obtained from J.T. 
Baker Chemicals B.V. (Denventer, Holland). Milli-Q water was produced by a Milli-Q Plus 





water system (Millipore, Spain). Ethylenediaminetetraacetic acid (EDTA) was supplied 
by Panreac Applichem (Barcelona, Spain). Sigma-Aldrich (Madrid, Spain) supplied the 
following: sodium chloride ACS reagent grade (purity ≥ 99.8%), and the standard 
compounds ethyl butyrate (≥ 99%), ethyl hexanoate (≥ 99%), ethyl octanoate (≥ 99%), 
ethyl decanoate (≥ 99%), ethyl dodecanoate (≥ 99%), ethyl myristate (≥ 99%), ethyl 
palmitate (≥ 99%), ethyl stearate (≥ 99%), propyl acetate (≥ 99%), isobutyl acetate 
(≥ 99%), isoamyl acetate (≥ 99%), hexyl acetate (≥ 99%), phenylethyl acetate (≥ 99%), 
ethyl isobutyrate (98%), ethyl 2-methylbutyrate (≥ 99%), ethyl isovalerate (≥ 99%), ethyl 
phenylacetate (98%), ethyl cinnamate (98%), ethyl dihydrocinnamate (98%), methyl 
hexanoate (≥ 99%), methyl octanoate (≥ 99%), methyl decanoate (≥ 99%), isoamyl 
butyrate (98%), ethyl heptanoate (98%), ethyl nonanoate (98%), ethyl propanoate (≥ 
99%), isobutyl hexanoate (≥ 99%), ethyl valerate (≥ 99.7%), acetaldehyde (≥ 99.5%). 
The deuterated internal standards [2H3]-ethyl butyrate, [2H11]-ethyl hexanoate, [2H15]-
ethyl octanoate, [2H5]-ethyl trans-cinnamate, [2H23]-ethyl dodecanoate, [2H27]-ethyl 
myristate, [2H31]-ethyl palmitate, and [2H35]-ethyl stearate, were supplied by CDN 
isotopes (Pointe-Claire, Canada). 
2.3. HS-SPME GC-MS  
2.3.1. Sample preparation and extraction conditions 
A total of 25 mL of brandy sample were spiked with 20 µL of an internal standard mix 
solution of 8 deuterated ethyl esters at 200 mg/L. The peak integration of each ester was 
normalized using specific deuterated standards as follow: ethyl isobutyrate, ethyl 2-
methylbutyrate, ethyl isovalerate, ethyl propanoate, ethyl butyrate, isoamyl acetate, ethyl 
valerate, propyl acetate, and isobutyl acetate were normalized with [2H3]-ethyl butyrate. 
Ethyl hexanoate, methyl hexanoate, methyl octanoate, isoamyl butanoate, isobutyl 
hexanoate, ethyl heptanoate, and hexyl acetate were normalized with [2H11]-ethyl 
hexanoate. [2H15]-Ethyl octanoate was used to normalize ethyl octanoate, methyl 
decanoate. Phenylethyl acetate, ethyl dihydrocinnamate, and ethyl cinnamate were 





normalized with [2H5]-ethyl trans-cinnamate; while ethyl dodecanoate, ethyl decanoate, 
ethyl nonanoate, and ethyl phenylacetate with [2H23]-ethyl dodecanoate. Finally, [2H27]-
ethyl myristate, [2H31]-ethyl palmitate and [2H35]-ethyl stearate were used to normalize 
ethyl myristate, ethyl palmitate and ethyl stearate, respectively. Then, the spiked 
samples were diluted in EDTA solution (200 mM and pH adjusted to 7 with NaOH 1 M), 
since this chemical prevents oxidation of the compounds (Dziekońska-Kubczak et al., 
2020). Afterwards, the brandy samples were diluted to reach 7.2 % v/v ethanol, and 10 
mL of this solution were transferred to a 20 mL SPME vial containing 3.5 g of NaCl to 
increase the ionic strength of the analytes and release more volatiles into the headspace 
(Davis & Qian, 2019; Dziekońska-Kubczak et al., 2020). The vials were capped, and the 
solution was homogenized using a vortex shaker for 30 s and placed in a Combipal 
autosampler tray (CTC Analytics, Zwingen, Switzerland).  
A 100 μm PDMS fibre (Supelco, Bellefont, PA, USA), previously conditioned according 
to the supplier recommendation, was used for extraction of esters via HS-SPME. For the 
equilibrium step, the vials were incubated at 500 rpm for 2 minutes at the extraction 
temperature, while the extraction was performed at 33 ºC for 55 minutes and maintaining 
agitation at 500 rpm.   
The conditions of the gas chromatograph were as follow: the desorption time and 
temperature were set at 15 min and 250 °C respectively, performed in a Trace GC 
ultragas chromatograph (Thermo Fisher Scientific S. p.A., Rodano, Milan, Italy). The 
desorbed samples passed to an ISQ Single MS spectrometer (Thermo Fisher Scientific, 
Austin, Texas, USA). The injection was performed in splitless mode in a BP21 column of 
50m × 0.32 mm and 0.25 µm film thickness (SGE Analytical Science, UK) for the 
volatiles separation. The carrier gas was helium at a constant flow rate of 1.7 mL/min. 
The oven temperature program was set at 40 °C for 5 min, raised to 220 °C at 3 °C/min 
and held for 30 min. The MS operated in electron ionization mode at 70 eV using 
selected-ion-monitoring (SIM) mode. The transfer line and source temperature of the MS 





were set at 230 °C and 200 °C, respectively. The identification procedure was performed 
by comparing the retention times and mass spectra with those of the pure standards.  
2.4. Statistical analysis 
Principal component analysis (PCA) was first used to check the structure of the data and 
to look for grouping of the brandy samples. Afterwards, the main differences between 
samples related to the stabilization process were studied by means of a multilevel partial 
least squares discriminant analysis (PLS-DA). The multilevel decomposition was applied 
since the data followed a paired structure with two measures for the same samples: 
before and after cold stabilization and filtration, this allowing to focus on the effect of this 
treatment regardless the initial composition of each brandy.  The model was optimized 
and validated by means of a double cross-validation scheme described in Szymańska et 
al., 2012, using the balanced error rate (BER). The p-value of the model was obtained 
from a permutation test (N = 1000, since it was large enough to sample the tails of the 
distribution and to attain a p-value up to 0.001) for BER, area under the receiver 
operating characteristic curve (AUROC), and the average number of misclassified 
(NMC). The p-value of the model was calculated as follow: 
p - value = 1 + (DiagnosticP ≤ Diagnostic) / N 
where (DiagnosticP ≤ Diagnostic) is the number of elements in the H0 distribution that 
are smaller or equal to the diagnostic (BER, AUROC or NMC) of the original data.  
The most discriminatory metabolites were selected by an iterative process based on 
variable importance in projection (VIP) scores previously described by Muñoz-Redondo 
et al., 2020. The statistical analyses were performed using the software R version 4.0.3 
and the package mixOmics (Rohart et al., 2017). 
3. Results and discussion 
The most abundant family of esters measured in the brandy samples were ethyl esters 
of fatty acids, with concentration ranging from 11.6 to 48.8 mg/L in agreement with 





previous studies (Nikićević et al., 2011; Zhao et al., 2009). These compounds are known 
to increase during ageing in alcoholic beverages as a consequence of the slow 
esterification of organic acids with ethanol (Campo et al., 2007). Among them, ethyl 
octanoate (from 9 to 18 mg/L) followed by ethyl decanoate (from 0.034 to 20.1 mg/L) 
displayed the highest concentrations, these being considered as important contributors 
to the aroma of distilled beverages and identified as odour active compounds in distillates 
(Genovese et al., 2004; Nikićević et al., 2011). Methyl esters of fatty acids (0.015-14.78 
mg/L) were found in high concentrations due to the high contribution of methyl butyrate, 
that ranged between values close to 0 to 14.74 mg/L. Meanwhile, higher alcohol acetates 
and ethyl esters of branched acids were found in concentrations between 1.27-3.81 mg/L 
and 0.14-1.76 mg/L respectively. Isoamyl acetate was the most abundant acetate ester 
in accordance with literature (Nikićević et al., 2011).  
A principal component analysis (PCA) was carried out to study the variation sources in 
the data and to find sample groupings. The first two principal components of the PCA 
accounted for the 61 % of the total sample variability (Figure 1), the main variation source 
being explained by PC1 (39 %), which was related with the ageing of the brandies (Figure 
1A). It was observed that brandies Solera and Solera Reserva with a more similar period 
of ageing averaging 6-9 and 12-18 months respectively, displayed a similar ester profile 
characterized by higher levels of isoamyl acetate, hexyl acetate, isobutyl acetate, ethyl 
butyrate, methyl hexanoate, propyl acetate, ethyl octanoate, phenylethyl acetate, ethyl 
valerate, isobutyl hexanoate, methyl octanoate, isoamyl octanoate, ethyl 
dihydrocinnamate and ethyl hexanoate. Meanwhile, the ester profile of the Brandies 
Solera Gran Reserva (averaging 6-12 years of ageing) displayed a more differentiated 
ester profile with an overall increase of the rest of the esters analyzed (Figure 1A and 
1C), including ethyl 2-methylbutyrate, ethyl nonanoate, ethyl phenylacetate, ethyl 
isovalerate, ethyl isobutyrate, ethyl decanoate, ethyl dodecanoate, ethyl propanoate, 
ethyl heptanoate, methyl butyrate, isoamyl butanoate, ethyl myristate and ethyl 





cinnamate. These results pointed out the distinctive and exclusive character of these 
brandies. Rodríguez Dodero et al., 2010 also found that “Brandies de Jerez” Solera Gran 
Reserva displayed a clear different phenolic and furanic derivatives profile from other 
brandies produced in different regions, indicating their highly specific character. The 
higher concentrations observed in these esters can be related with continuous 
esterification of fatty acids and ethanol, and loses of water and ethanol through 
evaporation effects during ageing (Christoph & Bauer-Christoph, 2007; Durán-Guerrero 
et al., 2021). 
Brandies before and after both stabilization processes were highlighted in the scores plot 
of Figure 1B. The most distinct ester profile was observed for the brandies submitted to 
room temperature stabilization, as it was shown by a clear separation in component 2 of 
the PCA. However, due to the large differences observed between brandies, 
predominantly related to the ageing, and the paired structure of the data (Westerhuis et 
al., 2010) with repeated measures to the same samples (before stabilization, after cold 
stabilization and after room temperature stabilization), the differences related with the 
stabilization were not clearly highlighted, especially for cold stabilization. Therefore, a 
multilevel decomposition was applied to focus on the effect of the treatment and a partial 
least squares discriminant analysis (ML-PLS-DA) was fitted for three-classes: brandies 
before stabilization, after cold stabilization and filtration, and after room temperature 
stabilization and filtration (Figure 2). The model was optimized and validated following a 
double cross-validation scheme. The number of components of the sub-models was 
predominantly optimized to 2, revealing a low complexity that reduce risk of overfitting 
(Figure 1B). The ML-PLS-DA displayed a good performance with a BER of 0.09 ± 0.05 
(Table 1). Brandies stabilized at room temperature were correctly assigned in all the 
cases, supporting a more distinct ester profile, while the error of the model was due to 
incorrect assignment between brandies without stabilization and after cold stabilization. 
Therefore, this error suggested a lower impact on the ester profile when cold stabilization 





was applied. Then, the model was successfully validated with a permutation test. The 
null distributions calculated from the class label permutation are shown in Figure 3 for 
three diagnostics statistics: BER, AUROC and NMC, which displayed an expected 
Gaussian shape. The average performance of the model fell the tail of the null distribution 
for the three diagnostics, obtaining a p-value of the model below 0.05 in all the cases 
(Table 1). All these results supported the robustness of the ML-PLS-DA, being this model 
suitable for analysing and interpreting the dataset.  
Differences in the ester profile of brandies related to the stabilization process are shown 
in the scores and loadings plots of the ML-PLS-DA model (Figure 2A, 2B and 2C). As it 
was expected from the previous PCA, the brandies submitted to room temperature 
stabilization and filtration displayed the most distinct ester profile, being separated from 
the rest in component 1, that explained a high 54 % of the variance. This stabilization 
process resulted in higher contents of many esters, such as isoamyl octanoate, ethyl 
isovalerate, ethyl isobutyrate, isobutyl hexanoate, ethyl 2-methylbutyrate, propyl acetate, 
ethyl butyrate, isoamyl acetate, methyl hexanoate, ethyl hexanoate, ethyl valerate, 
methyl decanoate and isobutyl acetate. The percentage of change related to the control 
brandy (before stabilization) is shown in Supplementary Table 1. Meanwhile, other esters 
such as isoamyl hexanoate, isoamyl butanoate, ethyl octanoate, hexyl acetate, 
phenylethyl acetate, ethyl cinnamate, methyl butyrate, ethyl decanoate, ethyl 
heptanoate, ethyl palmitate, ethyl dihydrocinnamate, ethyl stearate, ethyl nonanoate and 
ethyl myristate displayed a significant decrease concentration.  
The brandies submitted to cold stabilization were separated from those before 
stabilization in component 2, which explained a 11 % of the total variance (Figure 2A and 
2D). Differences in the volatile profile were subtler and mainly driven by a decrease in 
ethyl esters of long-chain fatty acids: ethyl palmitate, ethyl stearate and ethyl myristate. 
Turbidity of brandies is associated with ethyl esters of long-chain fatty acids due to 
decreases in their solubility mainly related to low temperatures of storage (Balcerek et 





al., 2019). Therefore, reduction of these compounds is beneficial in terms of ensuring 
the stability of brandies (Carrillo, 2015). These ethyl esters displayed however slightly 
heavier decrease in brandies stabilized at room temperature, especially for ethyl stearate 
(decreasing below the detection limit). Meanwhile, both stabilization procedures yielded 
decreases of ethyl palmitate between 70-98 % of the initial values and ethyl myristate 
between 11-87 %. A previous study showed a similar reduction of ethyl myristate after 
brandy stabilization (Balcerek et al., 2019). These results pointed out a low impact on 
ester profile when cold stabilization was used, compared to room temperature 
stabilization.  
A variable reduction procedure was performed to determine the most impacted esters 
by the stabilization process, i.e., the markers of this process. This procedure was 
repeated 100 times, and the compounds selected in at least the 70 % of the iteration 
were highlighted in Figure 2C and 2D.  Ethyl esters of long chain fatty acids were among 
the largest impacted esters. The ester compounds selected as markers of room 
temperature stabilization were isoamyl octanoate, isoamyl hexanoate, ethyl isovalerate, 
ethyl isobutyrate, isobutyl hexanoate, isoamyl butanoate, propyl acetate, ethyl butyrate, 
ethyl palmitate, ethyl stearate and ethyl myristate. While markers of the cold stabilization 
were ethyl palmitate, ethyl stearate and ethyl myristate, this treatment being more 
specific for reduce turbidity in brandies. 
4. Conclusions 
This study showed the impact of the cold and room temperature stabilization and later 
filtration on the ester profiles of brandies, some of them being the major cause of turbidity. 
Stabilization at room temperature yielded the most distinct ester profile, with strong 
increases of isoamyl octanoate, ethyl isovalerate, ethyl isobutyrate, isobutyl hexanoate, 
propyl acetate and ethyl butyrate. Meanwhile, brandies submitted to cold stabilization 
displayed an ester profile more similar to the brandies before stabilization. However, cold 
stabilization yielded important reduction in ethyl esters of long-chain fatty acids (mainly 





ethyl palmitate, ethyl stearate and ethyl myristate), associated with haze formation and 
highlighting the specificity of this treatment to reduce turbidity without a high impact on 
the volatile profile.  
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0.09 ± 0.05 
BS 0.15 ± 0.11 765 135 0 
BER, AUROC, 
NMC: 0.001 
CS 0.14 ± 0.10 122 778 0 
RTS 0.00 ± 0.00 0 0 900 
 
BER: balanced error rate. BCF: before cold stabilization and filtration; ACF: after cold 
stabilization and filtration. p-value of the model obtained from a permutation test (N = 
1000) for the balanced error rate (BER), area under the receiver operating characteristic 




















Figure 1. Principal component analysis (PCA) carried out on the brandy samples. Scores 
plot for the first two principal component highlighting brandies according to the ageing 
factor (A), and before and after cold stabilization and filtration treatment (B). Loadings 
bar plot on component 1 (C) and component 2 (D). SOL: Brandy Solera; R: Brandy 
Solera Reserva; GR: Brandy Solera Gran Reserva. BS: brandy before stabilization; CS: 










Figure 2. Graphical outputs of the multilevel partial least squares discriminant analysis 
(ML-PLS-DA) carried out to discriminate brandy samples before and after cold 
stabilization and filtration. (A) Scores plot for component 1 (X-variate 1), (B) histogram 
of the number of component optimized for the submodels during the double-cross 
validation, (C) loadings contribution barplot on component 1 and (D) component 2. 
Colour indicates the class for which the compound has a maximal mean value. Bar length 
represents the multivariate regression coefficient with either a positive or negative sign 
for that particular feature of each component, i.e., the importance of each variable in the 
model. BS: brandy before stabilization; CS: brandy after cold stabilization and filtration; 
RTS: brandy after room temperature stabilization. 
 






Figure 3. Results from the permutation test (N = 1000) performed on the multilevel partial 
least squares discriminant analysis (ML-PLS-DA). Histogram obtained from the 
permutation test for (A) the balanced error rate (BER), (B) area under the receiver 
operating characteristic curve (AUROC), and (C) the average number of misclassified 
(NMC). The real average performance of the model for the three statistics obtained from 
the double cross-validation is shown in each plot.  
 
 










































TRAZABILIDAD DE FRUTAS 
TROPICALES PRODUCIDAS EN LA 


































La trazabilidad alimentaria es un aspecto que ha cobrado fuerza en los últimos años 
como mecanismo para asegurar a los compradores el origen de un producto, motivado 
en parte por la creciente preocupación que muestran los consumidores en su 
alimentación.  
Este aspecto cobra especial importancia cuando se trata de productos de alta calidad, 
cuya mayor retribución económica hace atractiva a otros competidores su falsificación y 
venta fraudulenta, lo cual puede producir un impacto económico negativo y dañar su 
imagen. Por esta razón, las empresas que comercializan estos alimentos de calidad 
diferenciada invierten recursos para desarrollar mecanismos que permitan autentificar 
sus productos. En este sentido, los productores de frutas tropicales situados a lo largo 
de la franja costera andaluza han iniciado los trámites para establecer una Indicación 
Geográfica Protegida para la producción de mangos y aguacates, con el fin de 
protegerse de sus competidores. Por esta razón, nace la necesidad de establecer 
metodologías que permitan diferenciar estas frutas producidas en Andalucía de las 
producidas en otros países.  
En este capítulo se desarrolla una metodología basada en los isotopos estables de 5 
bioelementos (C, N, S, O y H), el perfil multi-elemental y técnicas quimiométricas para 
diferenciar los mangos y aguacates producidos en Andalucía de los producidos en otras 
zonas del mundo. Los resultados mostraron la capacidad de ambas técnicas por 
separado y de manera conjunta para identificar de manera exitosa las muestras 
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Avocado (Persea americana Mill) is a fruit consumed worldwide due to its valuable 
organoleptic and health-promoting properties. To date, no information is available about 
the isotopic composition of this foodstuff and this study determines the stable isotope 
composition of five bio-elements (C, N, S, H and O) and the composition profile of 46 
macro, micro and trace elements. The stable isotope and elemental profiles were 
determined in 131 avocados from different producing regions (Spain, Brazil, Chile, 
Colombia, Kenya, Mexico, Peru, South Africa) collected over three years to study the 
main geographical differences. A PLS-DA model was performed combining the stable 
isotopes with the elemental profile, making it possible to distinguish the Spanish from the 
non-Spanish avocados with a high prediction accuracy (98 % correct classification). The 
results of this study highlight the potential of stable isotope ratios and elemental profiles 
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Avocados (Persea americana Mill) are mainly produced in regions with a tropical climate. 
They are rich in essential nutrients, several potential cancer-preventing phytochemicals, 
proteins, unsaturated fatty acids, natural antioxidants, and fat-soluble vitamins less 
common in other fruits, but contain small amounts of calories, sodium, and fats (Duarte 
et al., 2016; Pleguezuelo et al., 2018). Several studies have related avocado 
consumption with being part of a healthy diet due to benefits such as preventing 
cardiovascular diseases and diabetes, and reducing cholesterol (Bhuyan et al., 2019; 
Duarte et al., 2016). The unique nutritional and phytochemical composition linked to 
these health benefits have earned avocado the title of “superfood”, although this term 
can be vague and misleading and often involves unrealistic health claims (Bhuyan et al., 
2019). In the last decade, the worldwide production of avocado has increased at a faster 
rate than all other tropical fruits, with an annual average rate of 6%. The production 
volume of avocados reached 6.3 million tonnes and the export volume 2.13 million 
tonnes in 2018 (FAO, 2018), accounting for 30% of the global trade of major tropical 
fruits. The main export destinations of avocados are the United States of America 
(around 50 % of global exports) and the European Union (around 28 %) with France, 
United Kingdom and Germany being the largest avocado-consuming markets (FAO, 
2018; Moreno-Ortega et al., 2019). Spain is the only European country that produces 
and exports avocados, making possible the rapid distribution of this high-quality product 
to this market (Moreno-Ortega et al., 2019). Approximately 90 % of the avocado cultivars 
are distributed along the southern coastal strip of Andalusia (Malaga, Granada and 
Cadiz) and the rest in the Canary Islands, avocados being the main tropical fruit in terms 
of production, surpassing the mango (Mangifera indica L.) and cherimoya (Annona 
cherimola Mill.) (Fruittoday, 2019).  
Consumers are increasingly interested in the quality parameters and provenance of food, 
as well as the sustainability and environmental impact involved in their production. In this 





sense, European Union quality schemes identify products with unique characteristics 
linked to a geographical location or a traditional know-how, allowing products to be 
granted “geographical indications”. This recognition enables consumers to trust and 
recognize quality products and is used as a marketing tool by producers to add value to 
their crops (EU Regulation No 1151/2012). Recently, the Spanish tropical fruit producers 
formed an association, seeking to obtain a protected geographical indication (PGI) for 
the avocados produced on the coastal strip of Andalusia (Fruittoday, 2019). PGI 
emphasises the link between a product and a particular geographical area in at least 
some of the production, processing or preparation stages (Regulation (EU) No 
1151/2012). In this sense, traceability is of essential importance to ensure the 
geographical origin, quality and safety of this product, several studies having been 
performed into this matter. Liu et al., 2020 determined several quality traits of avocados 
of different origins such as moisture levels and the content of ascorbic acid, oil, total 
flavonoid, soluble protein and soluble sugar, but found no significant differences 
according to their geographical origin. Carvalho et al., 2015 reported geographical 
differences in the fatty acid contents of avocados from different latitudes in Colombia, 
and highlighted the importance of considering these compounds in a potential PDO due 
to their health benefits. Donetti & Terry, 2014 found differences in the main bioactive 
compounds present in the avocado mesocarp related to their geographical origin and 
harvest-time. Besides seasonal variations and maturity, it was possible to distinguish 
avocados produced in Chile, Peru and Spain by their oleic acid, palmitic acid, palmitoleic 
acid, dry matter and oil content. Among these, the authors suggested oleic acid as a 
potential marker for tracing the geographical growing area of avocados. These results 
were based on unsupervised analysis (PCA), and no classification rates were available. 
Martín-Torres et al., 2020 and Jiménez-Carvelo et al., 2021 combined lipid fingerprints, 
acquired by HPLC-DAD and GC-FID, with chemometrics to successfully authenticate the 
origin and the botanical variety of avocados. The authors were able to discriminate 





avocados produced in Spain from those from other countries, including Peru, Mexico, 
South Africa and Kenya. However, all the Spanish samples were collected from 
Granada, while avocados from Malaga, which is the main production area in Spain, were 
not included. Although stable isotope ratios of light bio-elements (δ13C, δ15N, δ34S, δ2H, 
δ18O) have long been used to trace the geographical origin of agro-food products 
(Katerinopoulou et al., 2020) no studies have characterized the isotopic profile of 
avocados. In addition, a great deal of progress has been made in recent years verifying 
the geographical origin of foodstuffs by combining multi-isotope analyses with 
multi-elemental fingerprinting and chemometrics (Wang et al., 2020). 
In this study, the isotopic composition of five light bio-elements (C, N, S, H, O) was 
assessed for the first time in avocado samples from eight producing regions (Spain, 
Mexico, Colombia, Peru, Brazil, Chile, Kenya and South Africa) and combined with the 
characterization of their mineral content and chemometrics to trace their geographical 
origin. 
2. Material and methods 
2.1. Samples and preparation 
A total of 131 avocado samples were collected from Spain (N = 49) and different 
worldwide producing regions (Brazil N = 4, Chile N 15, Colombia N = 9, Kenya N = 4, 
Mexico N = 20, Peru N = 26, South Africa N = 4), and different years (2015 N = 30, 2016 
N = 29, 2017 N = 72). The avocado was peeled, and the pulp was freeze-dried, 
homogenized by grinding and milling, placed into 2 mL Eppendorf tubes and stored at -
18 ºC for elemental analyses. For the stable isotope analyses, the dry powder was 
extracted with a solution of hexane:isopropanol at a ratio of 3:2 as described by Feng 
et al., 2004. The defatted dry matter (protein fractions) and the lipid fractions were stored 
at -20 ºC until the stable isotope analysis. 
2.2. Stable isotope ratio analysis 





Around 3 mg of the freeze-dried protein fraction of avocados were weighed into tin 
capsules for the simultaneous determination of δ13C, δ15N and δ34S. The δ2H and δ18O 
were analysed simultaneously using 0.2 mg of samples weighed into silver capsules. 
The 15N/14N, 13C/12C and 34S/32S ratios were determined using an IRMS (Isoprime, 
AP2003, GV Instruments Ltd, Manchester, UK) equipped with an elemental analyser 
(Vario EL III Elementar Analysensysteme GmbH, Hanau, Germany), while the 18O/16O 
and 2H/1H ratios were determined with an IRMS (Flash EATM1112, Thermo Finnigan) 
equipped with a pyrolizer (FinniganTM TC/EA, ThermoFinnigan).  
For the analysis of δ13C in the lipid fraction, around 1.5 mg of the freeze-dried avocado 
samples were weighed into tin capsules. The δ2H and δ18O in the lipid fraction were 
analysed using around 0.3 and 1 mg of sample respectively weighed into silver capsules. 
The 13C/12C ratio was determined by continuous flow (ConfloII) elemental analysis 
isotope ratio mass spectrometry (CF-EA-IRMS) using an EA 1108 CHN elemental 
analyser (ThermoFisher, Milan, Italy). The 18O/16O and 2H/1H ratios were determined by 
continuous flow (ConfloII) total combustion elemental analysis isotope ratio mass 
spectrometry (CF-TC-IRMS) using a TC/EA (ThermoFisher, Milan, Italy). 
The isotope ratios were expressed as relative to the international standards ratio and 
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where superscripts i and j denote the highest and the lowest atomic mass number of 
element E, respectively, RP and RRef indicate the ratio between the heavier and the lighter 
isotope (13C/12C, 15N/14N, 34S/32S, 2H/1H, 18O/16O) in the sample and reference material, 
respectively. 
The delta values were multiplied by 1000 and expressed in units “per mil” (‰), although 
miliurey (mUr) can also be used to comply with the International System of Units (SI). 





The δ13C values were expressed as relative to Vienna-Pee Dee Belemnite (V-PDB), δ15N 
to Air, δ34S to Vienna Cañon Diablo Troilite (V-CDT), while δ2H and δ18O were expressed 
relative to Vienna-Standard Mean Ocean Water (VSMOW), by using the reference 
materials listed below. The samples were analysed at least in duplicate, and the isotope 
values were calculated and normalised against international reference materials: L-
glutamic acid USGS 40 (IAEA-International Atomic Energy Agency, Vienna, Austria), fuel 
oil NBS-22 (IAEA) and sugar IAEA–CH–6 for 13C/12C in the defatted avocado; caffeine 
IAEA 600, casein protein IVA33802155, razorbill feathers LIE-PA and cow horn powder 
EBD-23 for 13C/12C in the lipid fraction; L-glutamic acid USGS 40 and potassium nitrate 
IAEA-NO3 for 15N/14N; barium sulphates IAEA–SO–5 and NBS 127 (IAEA) for 34S/32S; 
whole wood USGS 54 and 56 for 2H/1H and 18O/16O in the defatted avocado; fuel oil NBS-
22 (IAEA) and  Tibetan human hair powder USGS-42 for 2H/1H; caffeine IAEA 600, 
benzoic acid IAEA 601 and benzoic acid IAEA 602 for 18O/16O in the lipid fraction.  
The analytical uncertainty (2 std dev) was 0.3 for δ13C and δ15N, 0.6 for δ18O and δ34S 
and 3 for δ2H. 
2.3. Elemental analysis 
A total of 500 mg of homogenized and lyophilized avocado sample were used for the 
acid ultrawave-assisted digestion with an UltraWAVE System (Milestone, Shelton, CT, 
USA) equipped with quartz vials. For acid mineralization, the samples were added with 
2 ml of ultrapure HNO3 (67-69%, Carlo Erba, Milan, Italy), 1 ml of H2O2 (30%, Merck, 
Darmstadt, Germany), 4 ml of ultrapure water (18.2 MΩ-cm, Millipore, Bedford, MA, 
USA) and 0.5 ml of internal standard solution (In 1.6 mg/l) prepared starting from the 
certified standard solution of Indium 1000 mg/l (Merck, Darmstadt, Germany). The 
digestion temperature programme was as follows: from room temperature to 100°C in 
12 minutes, increasing to 240°C in 13 minutes before being kept at 240°C for 10 minutes. 
After mineralization, the samples were accurately transferred into a PP 13ml-vial and 





brought to volume with ultrapure water. Mineral element analyses were performed with 
an ICP-MS (Agilent 7500ce, Agilent Technologies, Tokyo, Japan), as detailed in Bertoldi 
et al., 2016. A total of 46 macro, micro and trace elements were quantified: Li, Be, B, Na, 
Mg, Al, P, K, Ca, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Rb, Sr, Y, Mo, Pd, Ag, Cd, 
Sn, Sb, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb, Hg, Pb, and U.  
A solution of diluted ultrapure HNO3 (5 %) followed by ultrapure water was used to wash 
and rinse all the materials used for the preparation and analysis of the standard and 
samples. Accuracy was evaluated by analysing the certified reference material NIST 
1572 ‘citrus leaves’ (National Institute of Standards and Technology Gaithersburg, MD, 
USA) in each analytical batch with a result, expressed as recovery%, ranging from 76 to 
107% for all the certified and non-certified elements. The cleanliness of the whole 
procedure was verified by preparing and analyzing a blank sample in each analytical 
batch. The preparation and analysis of 10 blank samples in the same sequence made it 
possible to calculate the detection limit (LOD) as three times the standard deviation of 
the signals obtained. 
2.4. Statistical analysis 
A one-way analysis of variance (ANOVA) followed by the post-hoc Tukey’s HSD (honest 
significance test) were used to study the differences in the samples related to their 
geographical origin, which were considered statistically significant at a p-value ≤ 0.05. 
Before these parametric tests, the heteroscedasticity of the data was assessed by means 
of Levene’s test and normality by the Shapiro-Wilk and Kolmogorov-Smirnov tests. The 
variables failing these parametric assumptions were box-cox transformed. The 
correlations between the variables were also analysed by means of a Pearson 
correlation test. Partial least squares discriminant analysis (PLS-DA) was performed on 
the data for the classification of the samples according to the geographical origin. A 
double cross-validation was used to optimize and calculate the errors of the PLS-DA 
models, using the balanced error rate (BER) as the diagnostic statistic. The most 





discriminative variables were selected by means of an iterative procedure based on the 
variable importance in projection (VIP), repeated 100 times. The variables selected as 
the most discriminative (potential markers for the geographical discrimination of avocado 
samples) were further used to fit a new double cross-validated model and the 
classification performance was compared to the initial model. The statistical principal 
component analysis (PCA) was used to study the structure of the data before and after 
the variable reduction. All the statistical analyses were carried out with the statistical 
software R v. 4.0.3. In-house routines based on the mixOmics R package were used for 
the multivariate analyses.  
3. Results and discussion  
A one-way analysis of variance (ANOVA) with Tukey’s HSD pairwise comparison for the 
geographical origin of the avocado samples is given in Table 1. A total of 54 variables 
were examined, 8 different isotopic variables and 46 trace elements. The stable isotope 
ratios of carbon, nitrogen, sulphur, hydrogen and oxygen were analysed in the lipid-free 
fraction of the avocado. Additional stable isotope measurements of carbon, hydrogen 
and oxygen were performed on the lipid extraction to determine whether the information 
obtained could be redundant. Finally, the trace elements in the bulk avocados were 
analysed to avoid any treatment that could contaminate the samples due to the lower 
values of certain elements. 
3.1. Carbon and nitrogen stable isotope ratios 
According to FoodData Central of the US Department of Agriculture, avocados are 
composed of 14.66 g of total lipids. Lipids in plants tend to be depleted in heavier 13C 
isotopes relative to proteins and carbohydrates by fractionation during the oxidation of 
pyruvate to acetyl coenzyme A (DeNiro & Epstein, 1978). Therefore, comparisons of 
δ13C values between samples with a high lipid content may be confounded by variations 
in lipid contents, the extraction of this organic constituent therefore being recommended 





(DeNiro & Epstein, 1978). The mean values determined for δ13C in both fractions 
according to the geographical origin are given in Table 1. The δ13CL values ranged from 
-36.9 to -28.7 ‰ with an average value of -31.9 ± 1.5 ‰, while δ13CP varied between -
31.7 to -23.9 ‰ with an average value of -27.6 ± 1.7 ‰. A depletion in 13C during the 
lipid synthesis may explain the lower δ13CL values (on average 4.3 ‰) compared to 
δ13CP. Previous studies have also reported lower δ13C values in fat fractions, e.g. for 
animal products of about 4.31 ‰ in sea bass tissues (Tulli et al., 2020) or 5.2 ‰  in lamb 
meat (Perini et al., 2009). The δ13C values measured in the lipid and protein fractions 
displayed a similar variation according to the geographical origin of the avocados 
(Table 1), as highlighted by the relatively high correlation coefficient of 0.713 
(Supplementary Table S1), but with some differences. Regarding δ13CP, values about 1 
‰ lower were observed in the avocados from Spain and Chile compared to the rest, 
while the lowest δ13CL signature values were found in the samples from Chile (around -
33.8 ± 1.8 ‰), followed by Spain (-31.9 ± 0.9 ‰), Brazil (-32.0 ± 0.8 ‰) and Colombia (-
32.4 ± 1.1 ‰) (Table 1). This geographical variation observed in the δ13C values of the 
avocados may be explained by the impact of management practices or geographical 
characteristics (elevation, altitude, latitude, precipitations, hydric stress or even light 
exposure) on the efficiency of CO2 fixation (Lagad et al., 2013). Differences in the relative 
humidity of the different regions may also explain the variations in the δ13C signature, as 
previously described in garlic (Choi et al., 2020). 
The δ15N values were determined in the defatted fraction (δ15NP) of the avocados, 
variations between -2.4 to 6.4 ‰ being found. A similar range of variation was previously 
described in other fruit matrixes such as pulp mango (between -3.65 and 7.91 ‰; Muñoz-
Redondo et al., 2021), and apple juice pulp (between 0 and 4.3 ‰; Bat et al., 2016). The 
δ15N signature has been reported to be affected by geographical/climate factors such as 
mean annual precipitations (Inácio et al., 2015), making it possible to differentiate the 
geographical origin of different foodstuffs in combination with δ13C. However, the δ15N 





values in plants are mainly influenced by soil properties and agricultural practices, being 
highly dependent on the available nitrogen sources (Inácio et al., 2015). Previous studies 
have shown that the δ15N values of organic matter is generally within the range of 6.4 to 
11.2 ‰, since organic soils are usually more enriched in 15N compared to the 
atmospheric N2, but the use of organic or synthetic fertilizers can alter the δ15N values of 
soil organic nitrogen (Inácio et al., 2015). Fertilizers display different δ15N values 
depending on their origin, conventional fertilizers presenting values between -3.9 to 5.7 
‰, while the δ15N signature of organic fertilizers has been reported to present greater 
variation, with values between 2.5 to 45.2 ‰ (Bateman & Kelly, 2007; Inácio et al., 2015). 
Therefore, low δ15N values in plants may be the result of agricultural intensification 
processes. For instance, the δ15N values of the avocados produced in Brazil, Chile, 
Mexico, Peru, South Africa and Spain had average ranges of 0.4-2.0 ‰, while those from 
Colombia and Kenya, averaging δ15N values of 3.9 ± 1.5 and 4.5 ± 2.1 ‰ respectively, 
were most likely produced with less intensive agricultural practices.  
3.2. Sulphur stable isotope ratio 
The δ34S content was also determined in the defatted fraction of the avocado samples, 
values ranging between 3.4 and 8.8 ‰. The sulfur isotopic ratio in plant materials is 
mainly influenced by the δ34S of soil, which depends on the geological characteristics of 
a location, proximity to the coast, anthropogenic sources, climatic conditions and the 
deposition of sea-spray (aerosolised seawater containing sulphates) in areas and crops 
close to the sea (Pianezze et al., 2020). Since avocados are mainly produced in coastal 
regions, the sea-spray effect may have a strong influence on the sulfur isotopic signature. 
In this study, the highest δ34S values were found for the avocados produced in Kenya, 
Brazil and South Africa, with an average value of 11.7 ± 1.6, 8.8 ± 0.3 and 7.7 ± 1.4 ‰ 
respectively. On the other hand, the avocados from Peru, Spain, Mexico and Chile had 
the lowest δ34S values, averaging 3.4 ± 4.6, 3.5 ± 2.8, 4.4 ± 1.1 and 4.7 ± 3.0 ‰ 
respectively. A high variation in the δ34S values was also observed within countries, 





especially for Chile (0.5 to 9.6 ‰), Colombia (3.1 to 13.4 ‰), Peru (-3.0 to 12.7 ‰) and 
Spain (-0.8 to 9.8 %). This may be an indicator of different geographical areas of avocado 
production within these countries, as observed for the Spanish samples, which were 
collected from Malaga and Granada and displayed respective δ34S values of 6.3 ± 1.2 
and 1.2 ± 1.3 %. Previous studies have also found large variations in sulphur isotope 
ratios in lamb meat within single European regions (Camin et al., 2007).  
3.3. Hydrogen and oxygen stable isotope ratios 
The ratios of the stable isotopes of hydrogen and oxygen are conventionally used for 
determining provenance. These ratios are the result of the isotope fractionation produced 
during the meteorological water cycle of evaporation, condensation and precipitation that 
constitutes groundwater and shows a systematic geographical isotope variation 
(Drivelos & Georgiou, 2012). Groundwater is consumed by plants and animals, this 
isotopic variation being reflected in their composition. Another factor affecting the δ2H 
and δ16O signatures in plants is evapotranspiration, which is in turn influenced by climate 
conditions (Xiao et al., 2018). Oxygen is also taken from atmospheric O2 by plants at leaf 
level by transpiration through stomata (Farquhar et al., 1993). During the metabolism of 
water, biochemical isotope fractionation, which depends on the composition of 
organisms such as proteins, lipids and carbohydrates, also plays a key role in defining 
the isotopic ratios of hydrogen and oxygen. Previous studies have reported a depletion 
in 2H for lipids (Tulli et al., 2020), differences in the fat fraction and fat content of samples 
thus producing variations in the overall stable isotope values for hydrogen. To clarify the 
effect of the delipidization process on the isotopic signature of hydrogen and oxygen and 
to determine whether additional information could be obtained, we analysed the δ2H and 
δ18O in both the delipidized and lipid-free fractions of the avocados. The mean δ2H values 
determined in the protein and lipid fractions of avocados according to the geographical 
origin are given in Table 1. Important differences were found between the isotopic values 
of δ2HP and δ2HL (Table 1), the Pearson correlation test showing a weak correlation of 





0.164 (Supplementary Table S1). While the isotopic signature of hydrogen varied 
between -76 to -3 ‰ in the lipid-free fraction of avocados, in the extracted lipids it ranged 
between -174 to -146 ‰ (Table 1). In addition, the δ2H signatures of avocados of different 
geographical origins presented notable differences (Table 1). The δ2HP signatures were 
higher (less negative) in the samples from Brazil, Kenya, and South Africa, averaging -15 
± 6, -3 ± 12 and -26 ± 7 ‰, respectively. Meanwhile, Spanish avocados presented the 
lowest statistically significant δ2HP values, with an average of -76 ± 30 ‰. This signature, 
therefore, shows great potential as a discriminator for the geographical origin of Spanish 
avocados. The δ2HP values of the avocado samples were linked to north/south and 
east/west trends and consistent with the global map of hydrogen isotope ratios in 
precipitation given in waterisotopes.org. In general, the avocados from countries located 
at higher latitudes displayed lower δ2HP values, especially those from Spain (Table 1). In 
Kenya and in the coastal strip of South Africa and Brazil, the δ2H values in precipitation 
water are reported to be higher according to the global map, ranging from -13 to 41 ‰. 
This is in accordance with the higher δ2HP values observed in the avocados from those 
countries (Table 1). The stable isotope ratios of hydrogen determined in the fat fraction 
did not show such a geographical discriminatory capability for the Spanish avocados, 
which presented similar statistically significant values (-153 ± 12 ‰ on average) as those 
from South Africa (-146± 3 ‰) and Kenya (-156 ± 11 ‰). The difference between the 
δ18O values in the defatted and lipid fractions was less significant (Table 1), as 
highlighted by the high correlation coefficient of 0.887 (Supplementary Table S1), 
although the δ18O values from the lipid fraction showed a slightly better differentiation 
capability than those from the protein fraction. While the δ18OL values were higher in the 
avocados from Spain (on average 25.1 ± 1.3 ‰) compared to those from the other 
countries, higher δ18OP values were found in the avocados from both Spain and Kenya, 
with respective average values of 29.2 ± 1.7 and 30.6 ± 1.2 ‰ (Table 1). The δ18O in 
both the protein and lipid fractions in all the samples ranged between 3.2 and 26.1 ‰, 





these values differing from those reported in precipitations (-2.3 to -50.4 ‰). This may 
be explained by the influence of atmospheric O2 that is taken by plants at leaf level 
(Farquhar et al., 1993), as described above. However, a similar δ18O trend was observed 
in the avocados and precipitation (global map of δ18O in precipitation provided by 
waterisotopes.org). Kenya and the coastal strip of Brazil and South Africa display higher 
δ18O values in precipitations (between -2.3 to 4.5 ‰), which would correlate with the 
higher values for this isotope in the protein and lipid fractions of the avocados produced 
in those countries (Table 1). Meanwhile, on the coast of Mexico, Peru, Chile and 
Colombia lower δ18O values in precipitation were reported (between -22.9 to -9.2 ‰), 
this being in line with the lower stable isotope ratio values obtained for the avocados 
produced in these countries. In contrast, δ18O in precipitation given for Spain were 
reported to vary between -9.2 to 2.3 ‰, lower δ18O values therefore being expected in 
the avocados from this country, but in fact we observed that the avocados produced in 
this country had a δ18O signature equal or even higher than those from Kenya, Brazil 
and South Africa probably due to the influence of atmospheric O2. 
3.4. Elemental profile 
Potassium was the most abundant element in the avocados, with concentrations ranging 
between 10 and 40 g/kg, followed by P, Mg and Ca, presenting concentrations between 
100 mg/kg and 5000 mg/kg. Na was observed in very different concentrations in the 
avocado samples, varying between 4 to over 1000 mg/kg. The concentration of B was 
found to be between 10 and 400 mg/kg; Mn, Fe, Cu, Zn and Rb between 1 and 100 
mg/kg; Al and Sr between 100 µg/kg and 30 mg/kg; Li, Ba and Ni between 1 µg/kg and 
20 mg/kg; Cr, Mo, Cd, Co, As and Cs between 0.5 µg/kg and 4 mg/kg; Be, Ga, Ge, Se, 
Y, Pd, Ag, Sn, La, Ce, Nd, Pb and U between 0.1 and 200 µg/kg and the remaining 
elements between <LOD and 10 µg/kg. These results are in accordance with previous 
studies performed in avocado samples (Hardisson et al., 2001; Reddy et al., 2014), 





although Cd, Co, Cr, Cu, Pb and Se were below the limits of detection in Reddy et al., 
2014.  
All the samples contained the following elements: K (LOD < 0.03 g/kg), Al (LOD < 0.1 
mg/kg), B (LOD < 0.1 mg/kg), Ba (LOD < 0.001 mg/kg), Ca (LOD < 30 mg/kg), Cu (LOD 
< 0.003 mg/kg), Fe (LOD < 0.03 mg/kg), Mg (LOD < 1.6 mg/kg), Mn (LOD < 0.03 mg/kg), 
Na (LOD < 1.6 mg/kg), P (LOD < 3.2 mg/kg), Rb (LOD < 0.003 mg/kg), Sr (LOD < 0.003 
mg/kg), Zn (LOD < 0.003 mg/kg), Co (LOD < 0.33 µg/kg), Cr (LOD < 1.6 µg/kg), Ce (LOD 
< 0.03 µg/kg), Cs (LOD < 0.2 µg/kg), La (LOD < 0.03 µg/kg), Li (LOD < 0.3 µg/kg), Ni 
(LOD < 3.2 µg/kg), Nd (LOD < 0.03 µg/kg), Mo (LOD < 3.25 µg/kg), Cd (LOD <0.33 
µg/kg), Sm (LOD < 0.03 µg/kg), Gd (LOD < 0.03 µg/kg), and Pb (LOD < 0.16 µg/kg). 
Meanwhile, Dy (LOD < 0.03 µg/kg) was present at detectable amounts in the 99 % of the 
samples, Sb (LOD < 0.26 µg/kg) in 98 %, Pr (LOD < 0.03 µg/kg) in 97 %, Se (LOD < 1.6 
µg/kg) in 96 %, Eu (LOD < 0.03 µg/kg) in 95 %, Yb (LOD < 0.03 µg/kg) in 91 %, Hg (LOD 
< 0.3 µg/kg) in 89 %, Ga (LOD < 0.2 µg/kg) in 88 %, Ge (LOD < 0.2 µg/kg) in 86 %, As 
(LOD < 1.6 µg/kg) in 83 %, Er (LOD < 0.03 µg/kg) in 79 %, Y (LOD < 0.33 µg/kg) in 74 
%, Pd (LOD < 0.33 µg/kg) in 68 %, Sn (LOD < 2.6 µg/kg) in 64 %, U (LOD < 0.16 µg/kg) 
in 63 %, Ag (LOD < 0.33 µg/kg) in 48 %, Be (LOD < 0.33 µg/kg) in 44 %, Ho (LOD < 0.03 
µg/kg) in 41 %, and Tm (LOD < 0.03 µg/kg) in 15 %.  
A one-way ANOVA was performed to study the differences in the elemental profiles 
related to the geographical origin of the avocados. Statistically significant differences 
linked to the geographical origin of the samples were found for all the elements except 
Cr, Sn and Hg (Table 1). However, the random selection of avocados from different 
origins implies different agricultural practices such as fertilization and may lead to 
variations in the elemental profile. The Spanish avocados displayed low concentrations 
overall for most of the elements compared to the non-Spanish avocados. Only B and P 
were found in significantly higher concentrations compared to the rest, with respective 





average values of 126 and 2412 mg/kg (Table 1). High concentrations of Li and Na were 
also found in the Spanish avocados, with average values of 1289 µg/kg and 142 mg/kg. 
The avocados from Kenya, Brazil and South Africa displayed similar elemental profiles, 
although several differences related to some elements were found (Table 1). The 
avocados produced in Brazil had higher concentrations of P, K, Co, Cu, Zn, La, Pr, Nd, 
Sm, Eu and Gd, while those produced in Kenya displayed higher contents of Be, Al, Ga, 
Ag, Ce, Er, Tm and Yb. Meanwhile, the samples collected from South Africa showed 
significantly higher contents of Ni, Rb and Cs and lower concentrations of Sr, Y, Dy and 
Ho. The avocados from Peru were richer in B, Na, Mg, P, Zn, Ge, As, Se, Mo, Pd, Cd 
and Sb, and in particular Li, with average concentrations of 2654 µg/kg. Finally, the 
elemental profiles of avocados produced in Chile, Colombia and Mexico were also similar 
(Table 1). However, higher concentrations of Na, Ca and Ga, and lower concentrations 
of Ba and Eu were observed in the avocados produced in Chile. Meanwhile the samples 
from Colombia were richer in Pd.  
3.5. Multivariate analysis 
The samples were classified according to their geographical origin by means of a partial 
least squares discriminant analysis (PLS-DA) model including the elemental and stable 
isotope ratio profiles. The PLS-DA model yielded a low balanced error rate (BER) of 0.02 
± 0.01 (Table 2), making it possible to discriminate avocados produced in Spain from 
those produced in other countries. The first two latent variables explained respectively 
20 % and 15 % of the total variance found in the samples, displaying the main differences 
between the Spanish and non-Spanish avocados related to the stable isotope ratios and 
trace elements (Figure 1a and 1b). The overall quality of the PLS-DA model was also 
evaluated with the Ypredict plot in Figure 1c. It shows the predicted Y values for each 
avocado sample during the 50 repetitions (in outer loop) of the double cross-validation. 
Good predictions were considered to range from -0.5 to 0.5 for the non-Spanish samples 
and from 0.5 to 1.5 for the Spanish samples. Respective values closer to 0 and 1 for 





non-Spanish and Spanish avocados and little scattering in the predicted values of Y for 
the 50 repetitions are expected for more robust models. The PLS-DA model displayed 
very scattered predicted Y values, especially for the non-Spanish samples (Figure 1c). 
Five non-Spanish samples were wrongly classified as Spanish in several repetitions of 
the cross-validation, while four other samples had predicted Y values below -0.5, 
indicating a low prediction capability for these samples. However, since the target class 
was the Spanish avocados, this result may not be considered to worsen the quality of 
our model. The noisy contribution of non-explicative variables may explain these results 
and a variable reduction procedure was used to select the most discriminative stable 
isotope ratios and elements (potential markers). Principal component analysis (PCA) 
was performed with all the data and with the selected markers to evaluate the suitability 
of eliminating the non-informative variables in tracing the geographical origin of the 
avocados (Figure 2). This approach also allowed us to observe the distribution of the 
samples according to the country of provenance. The PCA including all the data (Figure 
2a and 2b) did not enable clear differences in the samples according to their 
geographical origin to be established, although the avocados produced in Kenya, Brazil 
and South Africa were slightly separated from the rest in component 1, and some 
avocados from Peru and Colombia seemed to be separated from the Spanish ones in 
component 2. Meanwhile, the PCA constructed with the potential markers from the 
variable reduction procedure, including 6 stable isotope ratios (δ18OL, δ18OP, δ2HL, δ13CP, 
δ2HP, δ15NP) and 8 elements (Fe, Ca, Mn, Sr, Rb, Eu, Ba and Mg), improved the 
separation of the Spanish avocados (Figure 2c and 2d), which were allocated in a narrow 
and well-defined area separate from the non-Spanish samples and mainly defined by 
component 1. This result was expected since the goal of the variable reduction procedure 
was to find the most powerful discriminators involved in the differentiation of Spanish 
from non-Spanish avocados. Nonetheless, additional clusters were observed in the 
samples from Kenya, Brazil and South Africa, which were separated from the avocados 





produced in Peru, Colombia, Chile and Mexico in component 2. Subsequently, a new 
PLS-DA model was performed with the selected markers, showing a BER of 0.02 ± 0.00 
and displaying a similar classification error to the previous model including all the 
variables (Table 2). However, the overall quality of the model increased, since the range 
of predicted Y values was smaller and its complexity was reduced from 2-3 to 1 
component (Figure 1d and Figure 3d). The classification error of the PLS-DA was 
explained by two Spanish avocados, one of which was wrongly classified in all the 
repetitions of the cross-validation, and two non-Spanish avocados that were always 
classified as being Spanish. Meanwhile, one non-Spanish sample displayed lower 
predicted Y values than -0.5 (Figure 3c). The one latent variable optimized for this new 
model explained 44 % of the total variance found in the samples. The stable isotope of 
oxygen for the protein (δ18OP) and lipid (δ18OL) fractions were the main geographical 
discriminators (Figure 3a and 3b), these being found in higher overall values in the 
Spanish samples. The stable isotope of hydrogen measured in the lipid fraction (δ2HL) 
was also selected as potential marker for the geographical differentiation and it was 
found in higher overall values in the Spanish avocados (Figure 3b). As mentioned in the 
univariate approach, the opposite was observed for the δ2HP, displaying higher values in 
the non-Spanish avocados. Additionally, the stable isotopes of carbon and nitrogen 
determined in the lipid-free fraction (δ13CP and δ15NP) were also selected as important 
discriminators for the geographical origin of avocados. On this basis, we recommend 
determining the stable isotopes of carbon and hydrogen in the protein and lipid fractions 
separately to avoid misleading variations due to differences in lipid and protein contents. 
All the elements selected as potential markers (Fe, Ca, Mn, Sr, Rb, Eu, Ba and Mg) were 
found in lower concentrations in the Spanish avocados. Previous studies have described 
the usefulness of these elements for tracing the origin of different foodstuffs. Fe was the 
most discriminative element selected in the variable reduction procedure (Figure 3b). 
Sun et al., 2011 showed significant geographical differences in the Fe contents of 





de-fatted mutton samples, while Guo et al., 2007 selected this element as a good tracer 
of beef origin. Fe, Ca, Mn, Ba and Mg have been successfully used for verifying the 
geographical provenance of olive-pomace and olive oils (Beltrán et al., 2015). Mottese 
et al., 2018 reported a strong correlation between the concentration of several minerals 
and the geographical area of production of Opuntia ficus india L. Miller fruits, selecting 
Fe, Ca, Mn and Mg as the markers of provenance. Regarding fruits, Sr, Mg were found 
to be the most suitable elements for discriminating their geographical origin by 
Benabdelkamel et al., 2012.  Rb has also been reported to be a marker for the 
geographical characterization of Italian goji berries (Bertoldi et al., 2019). This element 
was also used, together with Fe, Ca, Mn, Sr, Ba and Mg, for the successful classification 
of coca beans from different countries (Bertoldi et al., 2016). Coetzee et al., 2014 
identified Sr, Rb, Ba and Mg as suitable indicators for the geographical determination of 
wines produced in 23 estates in South Africa. In a recent study, Ba was selected as a 
potential geographical marker for mangoes (Muñoz-Redondo et al., 2021). Ba has also 
been used in combination with Sr, Mn and Eu for the correct classification of wheat 
samples from different Argentinian regions (Podio et al., 2013). 
4. Conclusions 
In this study, we characterized for the first time the isotopic composition of avocados 
from different geographical origins. We evaluated the effect of the delipidization 
procedure on the isotopic signatures of C, H and O, finding important differences due to 
different isotopic fractionations occurring during the metabolism of different compounds 
in the avocado plants. The elemental profile of avocados was also assessed and 
statistical differences related to their geographical location were observed for most of the 
minerals analysed. Potassium was the most abundant element in avocados, followed by 
P, Mg and Ca. Then, the geographical origin of the avocados was assessed by means 
of a PLS-DA model including the stable isotope ratios and the elemental composition, 
and the potential markers selected during a variable selection procedure included six 





stable isotope measurements (δ18OL, δ18OP, δ2HL, δ13CP, δ2HP, δ15NP) and eight elements 
(Fe, Ca, Mn, Sr, Rb, Eu, Ba and Mg). The PLS-DA model yielded a high classification 
ratio of 98 %, revealing the potential of stable isotopes and elemental profiles to trace 
the provenance of Spanish avocados. 
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Table 1. One-way analysis of variance (ANOVA) for the geographical origin of avocados 
based on the isotope and element profiles. B, Na, Mg, Al, P, Ca, Mn, Fe, Cu, Zn, Rb, Sr, 
Ba are expressed in mg/g, K is expressed in g/L and the rest of elements are expressed 
in µg/kg. 





Variable Spain (N=49) Brazil (N=4) Chile (N=15) 
Colombia 





δ13CP -28.4±1.4b -26.8±0.8a -28.5±1.7b -26.8±1.2a -27.1±1.9a -26.4±1.0a -26.3±1.9a -27.2±1.1ab *** 
δ15NP 0.4±1.6c 1.4±0.4c 1.2±1.8c 3.9±1.5ab 1.3±1.7c 1.8±1.9c 4.5±2.1a 2.0±1.0bc *** 
δ34SP 3.5±2.8d 8.8±0.3ab 4.7±3.0cd 5.9±3.4bc 4.4±1.1cd 3.4±4.6d 11.7±1.6a 7.7±1.4abc *** 
δ2HP -76±30d -15±6a -51±10bc -49±17bc -56±30bc -58±37c -3±12a -26±7ab *** 
δ18OP 29.2±1.7a 24.9±0.3bc 24.3±1.1c 22.1±2.8d 23.5±2.6c 24.1±1.3c 30.6±1.2a 26.7±0.7b *** 
δ13CL -31.9±0.9b -32.0±0.8b -33.8±1.8c -32.4±1.1b -31.6±1.9ab -30.8±1.0a -31.2±1.9ab -31.4±1.1ab *** 
δ2HL -153±12a -163±2bc -162±12b -172±17bc -173±16c -174±17c -156±11ab -146±2a *** 
δ18OL 25.1±1.3a 21.6±0.5bc 19.9±1.4d 18.2±2.1e 19.1±2.0de 19.1±1.5de 23.7±1.6ab 20.6±0.6cd *** 
Li 1289±2798b 3±1c 104±103bc 57±115bc 19±19c 2654±3408a 115±119bc 85±57bc ** 
Be 0.18±0.16d 1.06±0.42bcd 0.38±0.23cd 0.75±0.68bcd 1.80±2.82bc 0.33±0.15d 7.95±13.94a 3.38±0.51b *** 
B 126±62a 106±46ab 67±42b 60±35b 72±65b 138±94a 44±18b 56±26b *** 
Na 142±126b 14±5c 256±90a 20±25c 118±110bc 284±212a 15±6c 25±5bc *** 
Mg 923±212b 1153±121ab 1084±195ab 1194±246a 1045±185ab 1163±308a 1151±116ab 1082±282ab *** 
Al 1.16±0.91c 0.66±0.10c 2.02±1.43b 1.03±0.81c 1.00±0.47c 1.67±1.56bc 4.44±3.58a 0.77±0.14c *** 
P 2412±603abc 3031±1049a 2496±843ab 2786±566a 2106±617bc 2792±894a 1692±421c 1875±655bc ** 
K 20±4c 28±9a 17±5c 21±2bc 20±4c 24±6ab 19±3c 18±3c *** 
Ca 375±131c 611±129b 880±308a 567±130bc 573±265bc 673±254b 589±106bc 459±202bc *** 
Cr 97±196 158±89 63±29 110±138 61±43 141±173 138±159 61±26 ns 
Mn 4.6±1.1d 11.0±3.0abc 9.2±5.5bc 12.4±7.3ab 7.2±2.5c 8.2±6.5c 16.7±4.2a 14.1±3.6a *** 
Fe 11.7±3.6c 17.8±4.0ab 19.2±5.1ab 21.6±8.9a 19.7±5.4ab 16.6±6.4b 21.2±5.9ab 18.9±5.1ab *** 
Co 46±23c 482±156a 75±150c 64±55c 53±29c 41±24c 74±29c 284±56b *** 
Ni 519±262e 2885±1553b 596±851de 1758±733bc 586±834de 1168±2186cd 3084±4229b 6294±2104a *** 
Cu 6.6±2.8c 18.1±8.6a 7.5±3.2bc 8.9±2.5bc 8.6±2.8bc 9.3±3.1b 5.0±2.5c 9.2±2.4bc *** 
Zn 18±5b 28±11a 17±5b 22±3ab 18±7b 25±10a 17±2b 15±4b *** 
Ga 0.41±0.21cd 0.26±0.07d 0.59±0.30b 0.38±0.23cd 0.36±0.11d 0.55±0.43bc 1.37±0.97a 0.28±0.06d *** 
Ge 0.28±0.11b 0.31±0.11b 0.32±0.12b 0.39±0.10ab 0.30±0.07b 0.42±0.18a 0.39±0.09ab 0.30±0.05b ** 
As 10.9±10.8b 3.8±0.2b 34.4±39.2b 5.2±11.4b 5.1±6.1b 268.3±240.6a 2.1±1.2b 2.5±1.3b *** 
Se 5.8±3.1b 2.7±0.4b 4.3±2.4b 21.3±21.4ab 5.7±4.0b 23.2±37.0a 22.5±18.9ab 13.5±10.9ab ** 
Rb 10.3±5.8d 34.9±11.3b 15.8±10.2cd 20.9±15.9c 20.8±9.2c 16.8±9.0c 26.0±17.1bc 65.4±29.1a *** 
Sr 1.91±1.12d 5.71±1.59abc 4.28±1.48bc 5.75±1.74ab 6.88±5.67a 3.42±1.81c 6.47±4.14ab 2.77±1.57cd *** 
Y 0.49±0.35d 7.02±2.45ab 1.31±0.86cd 0.75±0.63d 1.90±1.58c 0.76±0.67d 8.65±8.95a 5.20±1.65b *** 
Mo 73±45b 38±16b 102±70ab 139±152a 70±39b 106±76a 60±85b 58±40b * 
Pd 1.10±1.70b 0.40±0.10b 0.51±0.34b 3.01±2.28a 0.77±1.47b 2.61±2.62a 1.60±1.23ab 0.17±0.06b *** 
Ag 0.44±0.51b 0.36±0.08b 0.49±0.36b 0.22±0.14b 0.28±0.09b 0.44±0.37b 1.99±1.42a 0.63±0.26b *** 
Cd 55±96b 14±7b 20±17b 159±126a 34±78b 135±145a 82±71ab 3±1b *** 
Sn 7.13±19.47 3.62±2.05 5.11±4.06 1.75±1.91 3.47±1.80 5.76±6.69 4.15±2.18 3.65±1.94 ns 
Sb 0.60±0.24b 0.62±0.25ab 1.80±1.31a 0.44±0.27b 0.91±0.38ab 1.67±1.84a 1.75±0.84a 1.97±1.03a *** 
Cs 29±42c 17±10c 24±26c 28±42c 36±45bc 195±312b 31±38bc 1449±1715a *** 
Ba 0.23±0.14b 2.77±1.21a 0.49±0.31b 3.20±1.81a 2.48±2.57a 0.38±0.35b 3.22±3.01a 2.02±0.65a *** 
La 1.21±2.89d 29.65±14.80a 1.59±0.92d 1.62±1.67d 3.46±3.04cd 1.45±1.14d 21.89±25.59b 8.23±4.24c *** 
Ce 2.09±5.18bc 5.84±2.54b 1.97±1.21bc 2.09±2.96bc 1.28±0.66c 2.21±1.65bc 13.19±7.67a 4.04±1.17bc *** 
Pr 0.21±0.53d 4.28±1.96a 0.26±0.16cd 0.23±0.23cd 0.40±0.29cd 0.21±0.19d 3.04±3.32b 0.95±0.36c *** 
Nd 0.70±1.19d 16.19±7.16a 1.05±0.58cd 0.87±0.87cd 1.50±0.99cd 0.84±0.80d 10.78±11.06b 3.58±1.46c *** 
Sm 0.13±0.10d 2.30±1.05a 0.23±0.12cd 0.19±0.11d 0.28±0.16cd 0.19±0.14d 1.72±1.62b 0.56±0.19c *** 
Eu 0.052±0.024d 0.878±0.370a 0.091±0.031d 0.274±0.115c 0.245±0.188c 0.077±0.047d 0.430±0.255b 0.327±0.096bc *** 
Gd 0.14±0.12e 2.31±1.10a 0.25±0.11de 0.21±0.13de 0.32±0.20d 0.20±0.13de 1.69±1.60b 0.77±0.25c *** 
Dy 0.09±0.06c 1.00±0.40a 0.18±0.11c 0.12±0.10c 0.20±0.12c 0.13±0.09c 1.21±1.20a 0.55±0.22b *** 
Ho 0.019±0.010d 0.189±0.069a 0.038±0.022cd 0.027±0.019cd 0.045±0.027c 0.028±0.019cd 0.247±0.246a 0.117±0.041b *** 
Er 0.050±0.033d 0.504±0.180b 0.107±0.077cd 0.079±0.068cd 0.129±0.084c 0.075±0.058cd 0.746±0.722a 0.322±0.142b *** 
Tm 0.008±0.004e 0.047±0.015b 0.011±0.010de 0.012±0.012de 0.019±0.014cd 0.010±0.008de 0.094±0.091a 0.035±0.014bc *** 
Yb 0.057±0.027e 0.304±0.108b 0.100±0.071de 0.096±0.068de 0.154±0.129cd 0.089±0.046e 0.629±0.523a 0.237±0.096bc *** 
Hg 89 ±230 2 ±1 1±1 2±1 49±204 4±6 2±0 1±1 ns 
Pb 3.8±2.9c 11.1±7.0ab 5.3±2.4bc 4.4±3.7bc 4.7±2.0bc 9.2±12.2b 16.1±4.7a 5.7±1.4bc *** 
U 0.363±0.365b 0.073±0.036b 0.680±0.784a 0.123±0.137b 0.206±0.135b 0.510±0.412ab 0.519±0.422ab 0.131±0.090b ** 
 





Table 2. Performance and dummy matrix of the PLS-DA models performed to 
discriminate avocados using all the variables and the selected markers after a variable 
reduction procedure. Results are given on the basis of a double cross-validation 
repeated 50 times. 
 
(a) Mean overall balanced error rate (BER) values with the standard deviation and (b) mean 
class error values with the standard deviation calculated on the basis of 50 PLS-DA 
sub-models in a double-cross validation scheme. (c) Model statistical significance 
calculated from a permutation test (N=1000) using the number of misclassifications 






















All variables 0.02 ± 0.01 
Spanish 0.02 ± 0.01 2389 61 
< 0.001 
Non-Spanish 0.02 ± 0.02 102 3998 
Potential 
markers 
0.02 ± 0.00 
Spanish 0.02 ± 0.00 2391 59 
< 0.001 
Non-Spanish 0.02 ± 0.00 100 4000 






Figure 1. Graphical outputs of the partial least squares discriminant analysis (PLS-DA) 
performed to discriminate Spanish from non-Spanish avocados using all the stable 
isotope measurements and element profile. (a) Scores plot for components 1 and 2 (X-
variate 1 and X-variate 2); (b) loadings plot for components 1 and 2; (c) Ypredict plot that 
shows predicted Y values for each sample during the 50 repetitions (outer loop) of the 
double-cross validation. (d) Histogram of the components optimized for the 50 PLS-DA 
models during the double cross validation. 
Figure 2. (a) Scores and (b) loadings plot of the principal component analysis (PCA) 
performed on the avocado samples using all the stable isotopes and elements analysed. 
(c) Scores and (d) loadings plot of the PCA performed on the avocado samples using 
the main discriminatory variables selected in an iterative variable reduction procedure. 
Figure 3. Graphical outputs of the partial least squares discriminant analysis (PLS-DA) 
performed to discriminate Spanish from non-Spanish avocados using the stable isotopes 
and elements selected as markers. (a) Scores plot for component 1 (X-variate 1); (b) 
loading contribution barplot on component 1. Colour indicates the class for which the 
compound has a maximal mean value. Bar length represents the multivariate regression 
coefficient with either a positive or negative sign for that particular feature of each 
component, i.e., the importance of each variable in the model. (c) Ypredict plot that 
shows predicted Y values for each sample during the 50 repetitions (outer loop) of the 
double-cross validation. (d) Histogram of the components optimized for the 50 PLS-DA 


















































































De los resultados obtenidos en la presente Tesis Doctoral se ha llegado a las siguientes 
conclusiones: 
• Se optimizó y validó exitosamente un método para determinar un total de 26 
terpenos en vinos espumosos mediante HS-SPME-GC-MS. Los resultados 
mostraron buena linealidad, sensibilidad y precisión para todos los terpenos 
evaluados. Asimismo, la metodología desarrollada demostró su utilidad al ser 
aplicada a muestras de Champagne, Cava y vinos espumosos andaluces, 
revelando las principales diferencias relativas a estos compuestos.  
• Los resultados de esta investigación mostraron el efecto de la segunda 
fermentación en botella sobre el perfil de ésteres de vinos espumosos. Se 
estableció el potencial del vino base de partida como mecanismo para para 
producir vinos espumosos con un carácter distintivo. Asimismo, la 
combinación de HS-SPME-GC-MS con métodos estadísticos supervisados 
demostró ser una potente herramienta para estudiar el aroma desde un punto 
de vista holístico, teniendo en cuenta las interacciones entre los distintos 
compuestos.  
• Se demostró el impacto de la maceración pre-fermentativa sobre el perfil de 
ésteres de vinos espumosos y se identificaron los ésteres que sufrieron un 
mayor cambio. Este proceso se caracterizó principalmente por producir vinos 
espumosos con mayores niveles de ésteres etílicos de ácidos grasos 
ramificados, cinamatos y ésteres metílicos de ácidos grasos, así como 
menores niveles de ésteres etílicos de ácidos grasos, acetatos de alcoholes 
superiores y ésteres isoamílicos de ácidos grasos. Por otro lado, se puso de 
manifiesto el efecto de la crianza sobre lías durante los nueve primeros 
meses y se establecieron interacciones entre el proceso de crianza y la 
maceración pre-fermentativa, encontradas principalmente en los acetatos de 
alcoholes superiores y los ésteres etílicos de ácidos grasos ramificados. 
• Se establecieron los principales cambios en el perfil químico, de ésteres y 
sensorial de vinos rosados fermentados mediante inoculación secuencial, 
usando una combinación de levaduras Saccharomyces y no 
Saccharomyces. Los resultados pusieron de manifiesto el uso de este tipo 
de estrategias de fermentación como alternativa a la convencional, para 
producir vinos con propiedades sensoriales distintivas. 
• Se estableció una metodología de procesado de datos y análisis estadístico 






con los descriptores sensoriales. Esta metodología permitió estudiar los 
cambios más importantes en el perfil metabólico (volátil y no volátil) de los 
vinos sometidos a distintos procesos de fermentación y se demostró la 
importancia de utilizar métodos estadísticos integrativos para comprender los 
complejos efectos de interacción. 
• Se optimizó y validó exitosamente un método para determinar un total de 28 
ésteres en brandies mediante HS-SPME-GC-MS. Los resultados mostraron 
buena linealidad, sensibilidad y precisión para todos los terpenos evaluados. 
Asimismo, la metodología desarrollada demostró su utilidad al ser aplicada a 
muestras de Brandy de Jerez de Solerajes con distintos tiempos de crianza, 
poniendo de manifiesto la modulación de los ésteres durante este proceso. 
• Se estableció el impacto sobre el perfil de ésteres del proceso de 
estabilización por frío y filtración del Brandy de Jerez, y se comparó con la 
estabilización a temperatura ambiente. Se determinó que la estabilización 
por frío modificó más levemente el perfil de ésteres, pero redujo con éxito las 
concentraciones de los ésteres etílicos de ácidos grasos de cadena larga, 
implicados en la formación de neblinas indeseadas.  
• Se desarrolló una metodología analítica basada en isotopos estables y 
análisis multi-elemental, en combinación con técnicas quimiométricas, con la 
capacidad de discriminar los mangos y aguacates producidos en la zona de 
la costa andaluza, de los producidos en otras zonas mundiales. Los 
resultados abordan un tema esencial para apoyar la existencia de una 




















































The main conclusions obtained from the research of this Doctoral Thesis are listed 
below: 
• A method for the determination of 26 terpenes in sparkling wines based on 
HS-SPME-GC-MS was successfully optimized and validated. The results 
showed good linearity, sensitivity and precision for all the terpenes evaluated. 
Then, the developed methodology was successfully applied to characterize 
the terpene profile of Champagnes, Cavas and Andalusian sparkling wines, 
revealing the main differences related to these compounds. 
• The results of this research showed the effect of the second fermentation in 
bottle on the ester profile of sparkling wines. The potential of the base wine 
as a mechanism to produce sparkling wines with a distinctive character was 
established. The combination of HS-SPME-GC-MS with supervised statistical 
methods proved to be a powerful tool to study the aroma from a holistic point 
of view, by considering the interactions among the different compounds.  
• The impact of the pre-fermentative maceration on the ester profile of sparkling 
wines was revealed and the esters that underwent the greatest changes were 
identified. This process was linked to higher contents in the sparkling wines 
of ethyl esters of branched fatty acids, cinnamates and methyl esters of fatty 
acids, as well as lower levels of ethyl esters of fatty acids, higher alcohol 
acetates and isoamyl esters fatty acids. On the other hand, the effect of 
ageing on lees was revealed during the first nine months and interactions 
were established between this ageing process and the pre-fermentative 
maceration, mainly found in higher alcohol acetates and ethyl esters of 
branched fatty acids. 
• The main changes related to the sequential fermentation, using a 
combination of Saccharomyces and non-Saccharomyces yeasts, over the 
chemical, ester and sensory profile of rosé wines were established. The 
results revealed the use of this type of fermentation strategy as an alternative 
to the conventional one, to produce wines with distinctive sensory properties. 
• A data processing and statistical analysis pipeline was established to study 
the modulation of the rosé wine metabolome and its relationship with the 
sensory descriptors. This methodology made it possible to study the most 
important changes in the metabolic profile (volatile and non-volatile) of the 






using integrative statistical methods to understand the complex interaction 
effects was demonstrated. 
• A method to determine 28 esters in brandies using HS-SPME-GC-MS was 
successfully optimized and validated. The results showed good linearity, 
sensitivity and precision for all the terpenes evaluated. Then, the developed 
methodology successfully applied to characterize samples of Brandy de 
Jerez from Solerajes with different aging times, showing the modulation of 
the esters during this process of ageing. 
• The impact of the cold stabilization and filtration process on the ester profile 
of Brandy de Jerez was established and compared with the stabilization at 
room temperature. The cold stabilization process results in a lower impact on 
the ester profile of the brandies while successfully reducing the 
concentrations of the ethyl esters of long chain fatty acids, which are involved 
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